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Abstract
Mechanical properties of polypropylene (PP)/wood fiber composites depend not 
only on the properties o f each primary component but also on a complex interaction 
of several factors such as fiber loading and size, characteristics o f fiber-polymer 
matrix interface, and the processing conditions. Both sequential and simultaneous 
composites are formulated in this research. First, sequential composites are made by 
compounding wood fibers with PP in the presence of maleated polypropylene (MPP) 
as a coupling agent in a twin-screw extruder. A small amount o f MPP (1 wt%) 
present in these sequential composites can increase the tensile strength of the 
composites significantly. The tensile strength and Young’s modulus increase with 
fiber content up to 50 wt% while the elongation exhibits a logarithmic decrease with 
increasing fiber loading. Both shear and elongational viscosities o f sequential 
composites increase with fiber loading and show higher shear thinning and strain 
thinning behavior with increasing fiber loading. Secondly, simultaneous composites 
are produced by in-line maleation and compounding of wood fibers with PP, maleic 
anhydride, and initiator in the same extruder. Similar tensile properties are observed 
for the simultaneous composites as the sequential composites. The effects of maleic 
anhydride and initiators are evaluated. Compared to virgin PP, simultaneous 
composite shows an initial shear viscosity decrease and then increase in shear 
viscosity with wood fiber content.
xii
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Maleation of PP cause succinic anhydride groups to be grafted onto the PP 
backbone, accompanied by the degradation of PP. The succinic anhydride grafting 
level increases with increasing initiator and maleic anhydride concentration up to a 
certain level. The shear viscosity of MPP is lower than that o f virgin PP but higher 
than that of PP/initiator sample. It is also shown that the shear viscosities increase 
with the initial concentration of maleic anhydride and the succinic anhydride grafting 
level; whereas the elongational viscosity of MPP is lower than that of virgin PP and 
decreases with increasing succinic anhydride grafting level. The surface energy, 
especially polar surface energy, of MPP can be increased significantly by contacting 
with water at either room temperature or the boiling point of water.
x i i i
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Chapter 1 Introduction
Wood fibers (WF) have been used as a filler/extender in thermosetting resins 
to improve their toughness, limit resin shrinkage, and reduce the cost. However, they 
have not been widely used in thermoplastics in industry. Recently WF reinforced 
thermoplastics are gaining more attention due to their good processability using rapid, 
low-cost process such as injection molding to produce a large number of products with 
good surface finish and quality. The main advantages of WF are their low density, 
low cost, high specific strength and modulus (close to that o f glass fibers) (Michaeli 
and Hock, 1991), renewable and biodegradable character, and good processability. 
WF are added as reinforcement in thermoplastic resins with the aim of improving 
thermal and mechanical properties of the composites. The matrix resin protects the 
WF due to the resin’s stable properties to environmental conditions. But the use of 
WF in thermoplastics as a reinforcing agent is restricted because of some major 
drawbacks of WF such as difficulty in compounding in thermoplastic matrices, poor 
interfacial adhesion between the hydrophobic thermoplastics and the hydrophilic fiber, 
and thermal degradation at higher processing temperature (Nevell and Zeronian, 1985).
The mechanical properties of the composite are generally related to the 
behavior and character of the interface (Richardson, 1977). Within a PP/WF 
composite there are two discernible component phases which are separated by an 
interface or interphase region. As pointed out by Plueddmann (1982), high 
mechanical strength comes from the effective transfer of stress from polymer matrix
1
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2to fibers across the interface via a strong interfacial bond and may be due to a 
combination of chemical bonding and surface wettability. In practice, WF normally 
contain a significant amount of physically adsorbed water on their surface, thereby 
making total wetting by polymer impossible (Plueddemann, 1982). Therefore water 
must generally be removed by drying under vacuum in an oven (Olsen, 1991).
Since the compatibility of the hydrophilic WF and the hydrophobic polyolefm 
matrix is very poor, the mechanically blended composites always show a decreasing 
tendency in tensile strength with increasing fiber loading. However, these problems 
can be overcome by modifying the surface of the cellulose fibers or the polymer using 
various additives, vinyl monomers or coupling agents (Maldas and Kokta, 1991). 
Normally only a very small amount of coupling agents at the interface is sufficient to 
provide marked improvements in composite properties (Myers, et al., 1991; Takase 
and Shiraishi, 1989).
Coupling agents are always polyfunctional and should react both with the PP 
matrix and with -OH groups on the surface of WF. There are many coupling agents 
that can be used in the PP/WF composites such as silanes, methacrylic acid, acrylic 
acid, methacrylamide, acrylamide, polyisocyanate, and maleated polypropylenes 
(MPP). Among these materials, the MPP may be the most promising coupling agent 
suitable for the PP/WF composites (Olsen, 1991; Myers, et al., 1991; Takase and 
Shiraishi, 1989).
Polyolefins can be modified by maleation, i.e. by reacting with maleic 
anhydride (MAH), to improve their adhesion to WF and other polymers. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3interaction or compatibility of a modified polyolefm with the dispersed phase is 
generally promoted by the presence of reactive functionality in the polymer matrix 
(Plueddemann, 1982). The reaction of a molten saturated polymer with MAH is very 
complex and generally carried out in the presence o f a radical catalyst under 
appropriate conditions. This reaction results in grafting individual succinic anhydride 
(SAH) groups onto the polyolefm backbone accompanied by crosslinking and/or 
degradation of the polymer (Biesenberger, 1992). The maleation level o f polyolefins 
in an extruder is influenced by screw speed, temperature profile and concentration of 
MAH and initiator.
Having no reactive functional groups, virgin PP is not able to chemically react 
with viscose rayon. The low surface tension of virgin PP fibers (30 mN/m), as 
compared to the surface tension of viscose rayon (42 mN/m) (Collier et al., 1993), 
also makes it difficult to coat PP fibers with viscose rayon. Maleation o f PP results 
in grafting SAH molecules onto the PP backbone. When the MPP is in contact with 
water, the SAH groups are converted to succinic acid (SA) groups thereby creating 
carboxyl groups (Yasuda and Sharma, 1981; Ruckenstein et al., 1986; Lavielle and 
Schultz, 1985; Lavielle and Andrade, 1988). These carboxyl groups on the MPP 
surface will reorient when in contact with some polar liquids such as water, thereby 
increasing the surface energy of the fibers. If the surface tension of the MPP is 
greater than that o f the viscose rayon, then individual MPP fiber coating with viscose 
rayon is favored.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4The objectives o f this research are:
1) To compound WF with PP by using MPP as a coupling agent.
2) To compare the properties of sequential blended PP/MPP/WF composites with 
those of in-line maleated and compounded simultaneous PP/WF composites.
3) To examine the effects of the process variables on the properties o f PP/WF 
composites.
4) To maleate PP with MAH in the presence of initiators and measure the surface 
energy and viscosity o f the MPP.
5) To study the surface reorientation phenomena of maleated polypropylene.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2 Literature Review
2.1 Wood Fibers
Wood is built up from cells, most of which are fibrous. WF are a composite 
material which is composed of a reinforcement of cellulose microfibril in a cementing 
matrix of hemicellulose and lignin. The mechanical properties of the WF are 
dependent not only on the main polymeric components -- the cellulose, hemicellulose 
and lignin, but also on the structural arrangement of these components on the micro 
and macro-scales. The structures o f cellulose, hemicellulose, and lignin are listed in 
Figure 2.1 (Nevell and Zeronian, 1985). The proportions for wood are, on average, 
40-50% cellulose, 20-30% lignin, and 25-35% hemicellulose (Nevell and Zeronian, 
1985). Of the wood fiber cell wall components, cellulose and hemicellulose are 
essentially linear polysaccharides while lignin is a three-dimensional phenolic 
component.
Cellulose, a semicrystalline polymer with a crystallinity about 60-70%, is the 
primary component of WF. The tensile strength of WF comes primarily from the 
crystalline cellulose microfibril. Hemicellulose is composed of non-cellulosic 
polysaccharides which serve as a matrix for WF and are probably amorphous in their 
naturally occurring state. Normally hemicellulose can be characterized as a 
thermoplastic polymer and is similar to cellulose in possessing a high backbone 
rigidity through intermolecular hydrogen bonding. Lignin is an aromatic polymer 
which contains phenylpropanoid units in addition to the free phenolic and methoxyl
5
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6groups. A high degree o f cross-linking in lignin lowers its flexibility. Lignin is also 
considered to be amorphous (Nevell and Zeronian, 1985; Hon and Shiraishi, 1991; 
Young and Rowell, 1986; Rowell and Clemons, 1992).
CH20H
o T V o
HO
OH
CH20H
o T ° y o
OH
Cellulose
CH20H
^ ° xOH V O H
[ \
OH OH \ l OH
OH
n-2 OH 
OH
n
H H, OH
Typical unit of hemicellulose 
H2C0H H2C0H
CH
I
HC
0CH 3
(1)
CH
HC
^  X0CH3 
(2)
Typical units of lignin
OH
H2C0H
CH
HC
0
A h
(3)
Figure 2.1 Structures o f Cellulose, Hemicellulose, and Lignin (Nevell and Zeronian, 
1985)
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7Cellulose is generally a linear condensation polymer made up of D- 
anhydroglucopyranose units (or glucose units for convenience) joined together by P- 
1,4-glycosidic bonds. Most of its chemical properties may be related to the hydroxyl 
groups in each monomer unit and the glycosidic bonds. The glycosidic bonds are not 
easily broken, thus causing cellulose to be stable under a wide range of conditions. 
However, the hydroxyl groups in cellulose can be readily oxidized, esterified, and 
converted to ethers. The partial oxidation o f cellulose, even when only a small 
proportion of the glucose units have been modified, will cause depolymerization which 
has a deleterious effect on the mechanical properties of the fibers. Cellulose 
undergoes esterification with acids in the presence of dehydrating agents or by 
reaction with acid chlorides and anhydrides. The cellulose esters have significantly 
different physical and chemical properties from the original cellulose and have 
numerous commercial uses. Cellulose ethers are derivatives o f cellulose in which 
some of the hydrogen atoms of the hydroxyl groups of monomeric glucose residues 
are replaced with alkyl or substituted alkyl groups (Nevell and Zeronian, 1985; Hon 
and Shiraishi, 1991; Young and Rowell).
During compounding in an extruder, thermal degradation, chemical degradation, 
and mechanical degradation of cellulosic fibers often deteriorate the mechanical 
properties of cellulosic fibers. Normally cellulose is relatively insensitive to the effect 
o f heating at moderate temperatures over short periods of time. However, thermal 
degradation begins to appear as the temperature and duration of heating are increased. 
At lower temperatures (below 300 C), thermal degradation of cellulosic fibers results
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8in decomposition of the glycosyl units of cellulose with evolution o f water, carbon 
dioxide and carbon monoxide, when cellulosic fibers are exposed to the effects of 
heat, air, and moisture (Nevell and Zeronian, 1985; Hon and Shiraishi, 1991; Young 
and Rowell). These reaction products can accelerate the degradation process. 
However, this effect may be lessened by addition o f amines or basic salts to take up 
carbon dioxide and other possible acidic by-products. It is reported (Nevell and 
Zeronian, 1985) that thermal degradation is accelerated by the presence of air and 
water and is autocatalyzed by the formation of carbon dioxide and carboxylic acid. 
The decomposition is more rapid in air than in nitrogen. Fortunately the thermal 
stability can be improved by adding a variety o f amides and nitrogen-containing 
organic compounds (Nevell and Zeronian, 1985; Hon and Shiraishi, 1991; Young and 
Rowell).
The thermal degradation of cellulose at low temperature includes 
depolymerization by bond scission, formation of free radicals, and appearance of 
hydroperoxide groups in the presence of oxygen. Cellulose can also undergo a variety 
of oxidation or decomposition reactions at low temperatures (<300 C), thus forming 
carbonyl, carboxyl, lactone, and aldehyde functional groups in cellulose heated at 190 
C either in oxygen or in nitrogen (Nevell and Zeronian, 1985; Hon and Shiraishi, 
1991; Young and Rowell).
Chemical degradation occurs when cellulosic fibers are exposed to acids and 
alkalis especially during compounding within the extruder at processing temperatures. 
The glycosidic linkage in cellulose is susceptible to acid-catalyzed hydrolysis, which
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results in high yields of D-glucose. The cellulose is very susceptible to oxidative 
degradation by alkali in the presence of oxygen. In the absence of oxygen, the 
glucosidic bonds are stable towards alkali at temperatures below about 170 C. There 
is a considerable fall of degree of polymerization (DP) due to random scission of 
glycosidic bonds when cellulose is heated with sodium hydroxide at temperatures 
above 170 C (Nevell and Zeronian, 1985; Hon and Shiraishi, 1991; Young and 
Rowell).
The mechanical degradation of cellulose fibers during processing may not be 
very significant, but the combination of thermal, chemical, and mechanical degradation 
may greatly affect the physical properties o f the cellulosic fibers including the weight, 
strength, color, and crystallinity (Nevell and Zeronian, 1985; Young and Rowell).
WF can be obtained from thermo-mechanical pulps (TMP), chemically 
modified mechanical pulps, and chemical pulping. TMP are produced by the 
mechanical defibration of wood chips at about 160 C under steam pressure in refiners. 
The grinding under steam pressure, which should have succeeded in softening the 
lignin-rich layer between the fibers before the wood structure is broken, results in a 
greater retention of fiber length than in conventional grinding. Chemically modified 
mechanical pulps are produced by treating wood chips with sodium sulphite. Then 
the treated wood chips are refined either at atmospheric pressure to produce a chemi- 
mechanical pulp (CMP) or at higher pressure to produce a chemi-thermo-mechanical 
pulp (CTMP). The chemical treatment preserves the lengths of fibers and causes fiber 
surfaces to be richer in hydrophilic polymers (Nevell and Zeronian, 1985).
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2.2 Chemical Modification of Wood Fibers
As the compatibility o f hydrophilic WF and hydrophobic polyolefins is very 
poor, the mechanical properties of the polyolefin/WF composites decrease with the 
increasing loading of WF in the absence of the coupling agents. However, WF can 
be thermoplasticized through chemical modification. Thus it is possible to produce 
polyolefin/WF compatible blends (Rowell and Clemons, 1992). Recently, it has been 
reported that wood can be converted into a thermally meltable material by chemical 
modification such as esterification, etherification, and some other derivatizations (Hon 
and Shiraishi, 1991). Of various methods, esterification o f WF with neat MAH or 
SAH is the most promising one.
WF are a composite composed of a crystalline, thermoset polymer (cellulose) 
in an amorphous, thermoplastic polymer (lignin and hemicellulose). In a dry state, 
lignin and hemicellulose show thermal softening temperatures around 127-235 C and 
167-217 C, respectively (Hon and Shiraishi, 1991). For cellulose the thermal 
softening temperature is around 231-253 C (Hon and Shiraishi, 1991). But WF do not 
show thermal softening similar to that of individual components until they are heated 
to a temperature well above their decomposition temperature. However, the glass 
transition temperatures of the lignin and hemicellulose together with the crystalline 
melting point o f cellulose can be reduced through chemical modification (Hon and 
Shiraishi, 1991). Thus it is possible to plasticize the WF to form thermal-formable 
material through thermopressing, extrusion, or injection without pyrolysis o f the WF. 
The strength of the WF can also be maintained by avoiding depolymerization or
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degradation of the WF. The compatibilization of the WF with the polyolefins is 
improved by thermoplasticization of the WF (Rowell and Clemons, 1992).
Shiraishi et al. (1983) have reported the esterification o f  the WF with 
monocarboxylic acid. Dicarboxylic acids are rarely used in the esterification of the 
WF (Young and Rowell, 1986). However, Matsuda (1987) found that the 
commercially available dicarboxylic acid anhydrides such as MAH, SAH, and phthalic 
anhydride (PAH) could be efficiently introduced into the WF by the addition 
esterification of the WF with the anhydrides. However the dicarboxylic acids such as 
MA, SA, and phthalic acid (PA) did not react with the WF. Rowell and Clemons 
(1992) studied the esterification of the WF with MAH and SAH. They found that 
both esterifications could result in thermoplasticization of the WF although SAH 
seemed to be a more effective plasticizer than MAH. Hon and Xing (1992) showed 
that wood esterified with SAH displayed better flow properties than wood esterified 
with MAH and the lower flow properties were related to a higher diester content.
The esterification of the WF with SAH or MAH is normally conducted in two 
ways: (1) In the presence of solvents [dimethyl sulfoxide (DMSO) or N,N- 
dimethylformamide (DMF, HCON(CH3)2)] which have a high swelling ability for 
wood, the reaction proceeds at room temperature for about 15 hours. This reaction 
results in the anhydride adding to the wood by ring-opening of the anhydride causing 
the esterified WF to have free carboxylic acid groups. This is demonstrated by the 
FTIR spectra of these products. The esterification reaction scheme is shown in Figure
2.2 (Clemons et al., 1992). (2) In the absence of solvents, the esterification reaction
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takes place above 60 C and is significant above 80 C. One interesting result is that 
the WF can be reacted with SAH below its melting point (120 C), i.e., in its solid 
state.
o
n
C
WOOD-OH + R ' O
c
6
For maleic anhydride, R is equal to HC ■ HC 
For succinic anhydride, R is equal to H2C - CH2
Figure 2.2 Esterification of the Wood Fiber with Dicarboxylic Acid Anhydrides 
(Clemons et al., 1992)
2.3 Maleation of Polyolefins
Polyolefins have enjoyed the fastest growth in the plastic market because of 
their versatility and low cost. However, their applications are limited by lack of 
reactive sites, poor hydrophilicity, and difficulty of dyeing. Chemical modification 
of polyolefins provides a way to incorporate some functional groups into the 
polyolefins without adversely affecting the nature o f polyolefin backbone. Maleic
o  o  
► w o o d - o - i - r - b- OH
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anhydride is a commonly used polyfunctional chemical for modifying polyolefms. 
The modified polyolefms generally have improved adhesion to metals, glass fibers, 
cellulosic fibers, and other polymers. There are two ways to carry out these reactions, 
solution or melt phase, in the presence of initiators. Recently the grafting of MAH 
onto polyolefms using an extruder is of particular interest. The reaction of MAH with 
molten polyolefms in the presence of a peroxide catalyst generally results in the 
appendage of MAH to the polyolefin backbone, accompanied by side reactions such 
as crosslinking and/or chain scission (Carraher and Moore, 1983; Biesenberger, 1992).
Crosslinking and/or degradation reactions o f polyolefms are generally 
considered to be due to generation of radical sites on the polymer backbone followed 
by coupling or disproportionation, respectively (Gaylord etal., 1992). However, these 
undesirable side reactions can be reduced or prevented by the presence o f low or high 
molecular weight compounds that contain nitrogen, phosphorous or sulfur atoms. 
These compounds are reported to inhibit the homopolymerization of MAH (Gaylord 
et al., 1989). DMF, an electron-donating agent, does not interfere with radicals 
generated upon thermal decomposition of a radical precursor or the propagating 
polymer radicals but inhibits the polymerization of MAH. Therefore, DMF can inhibit 
crosslinking and degradation reactions by donating electrons to the cationic species in 
the MAH excimer and/or to a cationic propagating chain end (Biesenberger, 1992): 
-MAH" + DMF — ► -MAH* + "DMF*
The reaction of DMF cation-radical with ion-radical in the excimer regenerates DMF 
and MAH and terminates propagation (Biesenberger, 1992):
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♦MAH' + ~DMF* — > MAH + DMF 
Crosslinking is the predominant side reaction in ethylene homopolymers, i.e., 
low-density polyethylene (LDPE), high-density polyethylene (HDPE), as well as 
copolymers with 1-butene and 1-octene, i.e., linear low density polyethylene (LLDPE). 
Apparently an intermediate in the homopolymerization of MAH causes crosslinking 
that accompanies the grafting of MAH onto ethylene-containing polymers. However, 
the mechanism of these reactions is still not very clear. Gaylord, et al. (1989; 1992) 
suggested the following reaction mechanism in the case o f polyethylene:
1) PE + ROOR — » PE*
2) PE* + MAH —-■» PE-MAH* followed by 7, 10, 11, or 13
3) 2 MAH + ROOR — > [*MAH" MAH*]
4) PE + [*MAH+ ’MAH*] — > PE* + [MAH" 'MAH*]
5) PE* + [*MAH+ MAH*] — ► PE-MAH" MAH*
6) PE-MAH" 'MAH* — > PE-MAH* + [*MAH*]*
7) PE-MAH* + PE-MAH* — > PE-MAH (saturated) + PE-MAH (unsaturated)
8) [*MAH*]* + MAH — ► [*MAH" 'MAH*]
9) [*MAH" MAH*] — ► MAH-MAH*
MAH-MAH* + MAH — > [*MAH" 'MAH*] + MAH* — > MAH-MAH" 'MAH* — > 
MAH-MAH-MAH* — > polymerization of maleic anhydride
10) PE-MAH* + MAH — > reaction 6 — > PE-(MAH)n
11) PE-MAH* + PE — > PE-MAH + PE*
12) PE* + nMAH* — > PE-(MAH)n
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13) PE-MAH* + PE* — > PE-MAH-PE main crosslinking
14) PE* + PE* — > PE-PE crosslinking
Degradation rather than crosslinking occurs when molten isotactic PP reacts 
with a radical catalyst, especially in the presence of MAH due to the increased
generation of polymer radicals (Ganzeveld and Janssen, 1992). Hogt (1988) modified
PP with MAH in a Berstorff 25 mm twin-screw extruder under nitrogen atmosphere 
and proposed the mechanism of the grafting of MAH onto PP accompanied by PP 
degradation as Figure 2.3 (Hogt, 1988). In the case of ethylene-propylene copolymer 
rubber, both crosslinking and chain scission take place.
1) R-O-O-R* — ► r-o* + w r
CH3 CH3
I l
2) R-O* or R'-O* + -  C H 2 -C -C H 2 -   R-OH or R'-OH + -  CH2-C-CH2 -
H
I 11
CH3 CH3l i
3) n  — * -  CH2-C* + CH2-C-CH2 -
H
m  IV
CH3
I
4) H ♦ HC-CH---------  C H 2-C -C H 2 -
I l I
0 - C  C - 0  CH-C*H
'o ' 1 1
O -C  C - 0  
MA ' o /  V*
CH3
5) HI + MA -----  -  C H 2-C -C H -C *H
I !
O -C  C - 0  Vb'  /
0
6) Va or Vb + I - X — ~C H -C H 2 + n
i I 
O - C  C - 0
V
VI
7) Va or Vb + m  --------   VI + CH3 -  CH -  CH -  CH2 ~
Figure 2.3 Grafting Mechanism of Maleic Anhydride with PP (Hogt, 1988)
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2.4 Surface Modification of Polyolefins
Surface properties o f polymers play an important role in the interaction of 
polymers with their environments. The surface (interface) is a nonhomogeneous 
region (usually less than 0.1 pm  thick) while the bulk phase is homogeneous and 
generally macroscopically isotropic. Polymer surfaces are difficult to wet and bond 
due to their characteristic low surface energy, incompatibility, chemical inertness, or 
the presence of contaminants and weak boundary layers. However, these problems 
can be overcome by surface treatment to change the chemical composition, wettability, 
surface energy, surface roughness, and polar groups on the surface. Many processes, 
including chemical treatment, photochemical treatments, plasma treatments, 
heterogeneous nucleation, and surface grafting, can be used to change physical and 
chemical properties in a thin surface layer (Wu, 1982). All of these could improve 
polymer adhesion to metal, glass fiber, WF, and other polymers. For example, it 
should also be possible to achieve good bonding of viscose rayon and PP fiber in the 
case o f fiber coating.
Chromic acid etching of polyolefms is an effective method to change the 
surface properties of polyolefms. A typical chromic acid bath containing potassium 
dichromate, water, and concentrated sulfuric acid at a weight ratio of 5:8:100 (Koto, 
1975) was used to etch PP and PE. Chromic acid etching preferentially removes 
amorphous or rubbery regions. Significant improvements o f  wettability and 
bondability arise from highly complex rootlike cavities formed on the etched surface 
and from the polar groups introduced by surface oxidation. Treatment o f LDPE with
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chromic acid introduces a thin interfacial region composed o f carboxylic acids (30%), 
ketones and aldehydes (20%), and unreacted methylene groups (50%) (Ferguson and 
Whitesides, 1992). In the case of PP, chromic acid etches both the amorphous and 
crystalline regions at similar rates. However, hydrocarbon can be used to swell the 
amorphous region of PP before etching in order to achieve preferential etching of the 
amorphous region. Wu (1982) pointed out that the surface tension of a branched PE 
was increased from 34.2 mN/m to 52.3 mN/m after chromic acid etching. 
Wettabilities and bondabilities of etched polyolefms can be significantly enhanced 
(Wu, 1982). As Ferguson and Whitesides (1992) pointed out, the surface of LDPE 
is hydrophobic (0a = 103° for water). After treatment the surface of LDPE is 
converted to "polyethylene carboxylic acid" (PE-C02H) that is relatively hydrophilic 
(0a =55° for water at pH 1). The hydrophilicity of the surface of PE-C02H is stable 
for years at room temperature while at elevated temperature (T = 35-110 C) it 
becomes hydrophobic and indistinguishable from unoxidized polyethylene in its 
wettability by water. This is due to the diffusion during heating of functional groups 
into the bulk of the polymer and conformational changes at the surface that affect its 
wettability (Ferguson and Whitesides, 1992). Kato (1975) treated PP film with 
chromic acid mixture and studied the effects of treatment temperature and time on the 
contact angles. He reported that the contact angle of water is not much affected by 
the treatment temperature from 30 C to 70 C. At the early stage (less than 2 minutes) 
the contact angle of water on PP is significantly affected by treatment time. After that 
it does not seem to decrease any more. The probable reason is that the bare surfaces
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of the films, due to partial breakdown of polymer surface zone by etching, are 
oxidized quickly (Kato, 1975).
Photochemical treatments can produce chemical, wettability, and bondability 
modifications o f polymer surface and restrict the location of grafting to the polymer 
surfaces without affecting bulk properties. The chemical composition of the surface 
layer determines surface properties. Usually, UV is used as a source of energy to 
initiate grafting. UV irradiation causes chain scission, crosslinking, and oxidation on 
polymer surfaces even in an inert gas. The presence of photosensitizer such as 
benzophenone causes UV treatment to be more effective. Yamada et al. (1992) 
studied the photografting o f methacrylic acid (MAA) , acrylic acid (AA), 
methacrylamide (MAAm), and acrylamide (AAm) as hydrophilic monomers onto PE 
plates from a liquid phase. They found that the grafted amount at which the PE 
surface was fully covered with grafted chains was in the order o f MAA > AA > 
MAAm > AAm. The wettability was greatly enhanced by grafting with these 
hydrophilic monomers (Yamada et al., 1992). Edge et al. (1993) studied the 
photochemical grafting of 2-hydroxyethylmethacrylate onto LDPE film by UV 
irradiation. They found that the contact angle o f the PE films with water fell from 97° 
to about 50° after grafting. X-ray photoelectron spectroscopy confirmed the presence 
of poly (2-hydroxyethylmethacrylate) on the surface of the PE.
Plasma surface treatment is widely used to improve the wettability and 
bondability o f polyolefins. Chain scission, crosslinking, and oxidation occur to a 
depth of typically 50-500 A  during plasma treatments. The long-lived radicals can
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react with oxygen and nitrogen upon exposure to the air after treatments to form polar 
oxygen and nitrogen groups on the polymer surfaces. This greatly increases the 
wettability and bondability (Wu, 1982; Gao and Zeng, 1993; Biro et al., 1993).
2.5 Contact Angles and Surface Tension of Solid Polymers
2.5.1 Surface Tension and Surface Energy
A surface, or an interface, is a thin stratum of material whose properties differ 
from those of the bulk phase because of a nonhomogeneous force field in the 
interfacial zone. A system possesses excess surface energy because the molecules in 
the surface are subjected to intermolecular attractions from fewer sides and the 
molecular packing in the surface is different from that in the bulk. The surface 
tension (y) is defined as the excess force per unit length of a line in the surface. It is 
positive if it acts in such a direction as to contract the surface. The surface tension 
may be related to the surface energy by following equations (Cherry, 1981): 
y = (8A/dQ)VTm  (1)
ydQ = dA° = d(Qa°) (2)
y = a" + Q(da°/dn) (3)
where A -- Helmholtz free energy of the surface
Q -- surface area 
A° — total surface energy 
aa -- surface energy per unit surface 
The surface tension (a force per unit length) is thus equal to the change in Helmholtz 
free energy of the whole system associated with a unit increase of surface area (an
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energy per unit area) while the surface energy is the change in Helmholtz free energy 
of the surface associated with unit increase of surface area (Cherry, 1981). For a 
liquid, the surface tension equals the surface energy. For a solid, the surface tension 
and surface energy are different.
Surfaces are generally classified into two types: high-energy surfaces and low- 
energy surfaces. High-energy materials include metals, metal oxides, and inorganic 
compounds which have surface tension in the range 200 - 5000 mN/m. Low-energy 
materials including organic compounds, organic polymers, and water have surface 
tensions below 100 mN/m. Normally low-energy materials tend to adsorb strongly 
onto the high-energy surfaces, as this will greatly decrease the surface energy of the 
system (Wu, 1982).
2.5.2 Contact Angles
When a drop of liquid is in contact with a solid surface, it will form a finite 
contact angle (0) as illustrated in Figure 2.4 (Cherry, 1981). If the solid surface is 
ideally smooth, homogeneous, planar, and nondeformable, stable equilibrium (the 
lowest energy) and the equilibrium contact angle (0) will be obtained. On the other 
hand, if the solid surface is rough or heterogeneous, the system may be in a metastable 
state and display a metastable contact angle. The angle formed by advancing the 
liquid front on the solid surface is named the advancing contact angle, 0a. The angle 
formed by receding the liquid front on the solid surface is defined as the receding 
contact angle, 0r. Advancing contact angles are greater than receding contact angles
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when the system is in a metastable state and the two are identical when equilibrium 
contact angles are formed.
The equilibrium contact angle of a liquid (I) on an ideally smooth, 
homogeneous, planar, and nondeformable solid (s) surface is given by the Young- 
Dupre equation
Yhr cos 0 = Ysv - Y«i (4)
where Ytv >s the surface tension of the liquid in equilibrium with its saturated vapor, 
the surface tension of the solid in equilibrium with the saturated vapor of the 
liquid, and ysi the interfacial tension between the solid and the liquid.
SATURATED VAPOR
LIQUID
Tsl
SOLID
Figure 2.4 Contact Angle Equilibrium on a Smooth, Homogeneous, Planar, and Rigid 
Surface (Cherry, 1981)
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Many real surfaces are rough or compositionally heterogeneous. If one 
measures the contact angle of a liquid drop being advanced slowly over a polymer 
surface and then makes the measurement with the drop receding over the previously 
liquid-contacted surface, the two contact angles are different. The difference in the 
advancing and receding contact angles is commonly called contact angle hysteresis. 
As Johnson and Dettre (1969) and Andrade (1985) stated, an advancing contact angle 
is a good measure of the wettability of the low-energy surfaces and more reproducible 
on predominantly low-energy surfaces whereas a receding angle is more characteristic 
of the high-energy surfaces. Zisman and coworkers (Adamson, 1967) made extensive 
contact angle studies of low surface energy polymers and found that advancing contact 
angles were good indices o f wettability.
2.5.3 Measurements of Contact Angles
There are many methods to measure the contact angle such as Drop-Bubble 
Methods, Level-Surface Methods, Capillary Rise Method, and Tensiometric (Wilhelmy 
Plate) Method. Usually, there is good agreement among the results obtained by these 
methods. The methods are either for liquids on solids in air or for liquids on solids 
immersed in other liquids. Here only the Tensiometric (Wilhelmy Plate) method is 
discussed and employed.
The Tensiometric (Wilhelmy Plate) method is the most sensitive and widely 
used method and is suitable for both static and dynamic contact angle measurements 
on flat plates or single filaments. The angle formed at a stationary liquid front is 
termed the static contact angle. The angle formed at a moving liquid front is termed
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the dynamic contact angle. Static contact angles are determined by the equilibrium 
of interfacial energies whereas dynamic contact angles are determined by the balance 
of interfacial driving force and viscous retarding force. In the case of measuring the 
static contact angle, the fiber is immersed at least a few millimeters in the liquid to 
avoid end effects and is then held stationary until the force becomes constant. 
Alternatively, the tensiometer output can be recorded continuously as fiber is 
immersed (advancing angle) or withdrawn (receding angle). The test configuration 
of the tensiometer is shown in Figure 2.5 (Bascom, 1992). The fiber is suspended 
from one arm of an electrobalance and is partially submerged in a vessel filled with 
the test liquid. The platform holding the test liquid is mechanically movable in the 
vertical direction. If the fiber is dipped into and pulled out o f the test liquid, the 
advancing and receding contact angles can be measured respectively. The total force 
acting on the fiber, vertically and partially immersed in a liquid, is 
Ft  = 27trytvcos 0 - Pigm^h (5)
where p, = density of the test liquid
r = fiber radius 
0 = contact angle 
h = depth of fiber immersion 
g = gravitational constant 
The first term on the right hand side of above equation represents the capillary force 
(adhesion tension) of the liquid on the fiber. The second term is the buoyancy
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correction. When the end of the fiber is exactly on the level of the liquid surface, the 
force Fto is
F-n, = 2x17^003 0 (at h = 0) (6)
where the buoyancy correction is zero. Thus, a plot o f F versus h should be a straight 
line. If this straight line is extrapolated to zero depth, the contact angle is easily 
calculated. For thin (r < 50 pm) fibers the buoyancy correction is negligible so that 
the measured force is independent o f fiber depth (Bascom, 1992): 
cos 0 = F-^ TCiYh, (7)
m ic r o b a la n c e
f ib e r e n c l o s u r e
w e t t in g  liq u id
mechanical platform
Figure 2.5 Schematic of Tensiometer (Bascom, 1992)
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2.5.4 Surface Tension of Solid Polymers
Interfacial and surface tensions of polymer liquids and melts can be measured 
by pendent drop-bubble method, sessile drop-bubble method, rotating drop-bubble 
method, tensiometric (Wilhelmy plate) method, capillary height method, DuNouy ring 
method, breaking thread method, and other miscellaneous methods. But the surface 
tension of a solid polymer cannot be measured directly because reversible formation 
o f its surface is difficult. However, various indirect methods have been developed, 
including the liquid homolog (molecular weight dependence) method, polymer melt 
(temperature dependence) method, equation of state method, harmonic-mean method, 
geometric-mean method, critical surface tension, and others. The first four methods 
give consistent and reliable results (Wu, 1982). Here the harmonic-mean method is 
discussed and employed.
The harmonic-mean method uses the contact angles of two testing liquids and 
the harmonic-mean equation which is valid for low-energy materials:
Yi +Y2 Yi+Yf
Using this equation in the Young-Dupre equation [equation (7)] gives
(1 +c o s01) Yi=4 ( J £ ! i L +JLL!iL) (9 )
d  dY IY S + Y iY s
y  i + y i Y i + Y s
Y2Y i  _ y ! y  s  )
v t + y i y ! + y  b
( l+ c o s e 2)Y2= 4 ( - ^ 4 J+ - ^ )  (10)
where y = yd + ' f  (Yd and yp are the dispersion and polar components of surface
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tension, respectively) and the subscripts 1 and 2 refer to the testing liquids 1 and 2, 
respectively. Normally water and methylene iodide are two convenient testing liquids, 
whose y* and /  values are shown in Table 2.1 (Wu, 1982). From the contact angle 
values, the dispersion and polar components of solid surface tension can be easily 
calculated by solving the above two equations simultaneously.
Table 2.1 Preferred Values o f Surface Tension and Its Components for Water and 
Methylene Iodide Used for the Calculation of Surface Tension of Solid Polymer from 
Contact Angles (Wu, 1982)
Surface Tension at 20 DC, mN/m
Liquid
Y Yd Yp
Remark
Harmonic-Mean Equation
Water 72.8 22.1 50.7 a
Methylene Iodide 50.8 44.1 6.7 b
Geometric-Mean Equation
Water 72.8 21.8 51.0 a
methylene Iodide 50.8 49.5 1.3 b
48.5 2.3 c
b: From interfacial tension between water and methylene iodide, yI2 = 41.6 mN/m. 
c: From contact angles on nonpolar solids.
The polarity of the water can be calculated from the interfacial tension between 
water and alkanes by using the harmonic-mean equation or the geometric-mean 
equation. The results are listed in Table 2.2 (Wu, 1982). The /  o f a liquid may also 
be obtained from its contact angle on a nonpolar solid (y, = ysd) such as branched PE 
and hexatriacontane. The harmonic-mean equation gives
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The dispersive surface tension of some liquids are shown in Table 2.3 (Wu, 1982).
Table 2.2 Calculation of yd for Water (y =72.8 mN/m) from Interfacial Tension of 
Water against Hydrocarbons at 20 C (Wu, 1982)
Hydrocarbon y2, * mN/m y12, b mN/m yd, mN/m
n-Hexane 18.4 51.1 22.0
n-Heptane 20.4 50.2 22.7
n-Octane 21.8 50.8 22.0
n-Decane 23.9 51.2 21.7
n-Tetradecane 25.6 52.2 21.0
Cyclohexane 25.5 50.2 22.8
Decalin 29.9 51.4 22.4
White oil 28.9 51.3 22.3
Average - - 22.3 ± 0.3
* y* surface tension of hydrocarbon.
b yV2, interfacial tension between water and hydrocarbon.
Table 2.3 ylvd of Some Liquids from Contact Angle Data at 20 Ca (Wu, 1982)
Liquid Yiv, mN/m Y^CH), mN/m Ylvd(G),mN/m
Tricresyl phosphate 40.9 39.8 39.2
a-Bromonaphthalene 44.6 47.7 47.0
T richlorob ipheny 1 45.3 35.5 44.0
Methylene iodide 50.8 49.0 48.5
Glycerol 63.4 40.6 37.0
Formamide 58.2 36.0 39.5
Water 72.8 22.6 22.5
LDPE (y, = 35.3 mN/m) and triacontane (ys = 24.9 mN/m) are used as the nonpolar
solids.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
28
2.6 Thermoplastics/Wood Fiber Composites
The use o f the WF as a reinforcing filler in thermoplastics has been extensively 
studied in recent years due to the attractive benefits o f WF. In order to improve the 
mechanical properties of the composite, effective stress transfer between a high 
modulus WF and a low modulus plastic through an interface of intermediate modulus 
is required (Maldas and Kokta, 1993). The quality o f this interface plays a critical 
role in the physical properties of the composite and is controlled by the adhesion 
between the fibers and the polymer matrices. Normally several problems arise in the 
manufacture of these composites as follows: (1) Difficulties occur in premixing the 
WF/thermoplastics feed uniformly because of the different bulk densities of WF and 
polymers. (2) The incompatibility of the hydrophilic WF and the hydrophobic 
polymer matrix causes poor dispersion and poor surface wetting of the WF. (3) No 
chemical bonding at the interface occurs since the WF and polymer are not chemically 
reactive with each other. (4) Poor adhesion with the polymer matrix due to water 
sorption on the WF surface makes total wetting impossible. (5) The chemical 
instability o f the WF at high temperatures (greater than 200 C) and their tendency to 
give off volatiles causes numerous voids and poor interfacial bonding.
2.6.1 Dispersion of Wood Fibers in a Thermoplastic Matrix
Woodhams and colleagues (1991) used a laboratory-sized thermokinetic mixer 
(K-mixer) to overcome the premixing difficulty and obtain complete dispersion of the 
WF in PP. The K-mixer is a high intensity kinetic mixer in which the sole source of 
heat is the kinetic energy of the high-speed blades (Frenken et al., 1991). During the
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continued mixing of the WF/thermoplastics blend for about 1 minute at 3300 rpm, the 
polymer was melted and the fibers were well dispersed into the polymer matrix 
(Myers et al., 1992). Michaeli and Hock (1993) used an intermeshing twin-screw 
extruder to incorporate a flax fiber into a thermoplastic matrix. A feed extruder with 
a metering device was used to feed the fibers into the twin-screw extruder since the 
low density short-staple flax did not flow freely. Subsequently the fibers were 
adequately dispersed in the molten polymer matrix. Woodhams et al. (1984) also used 
a microscope to examine the fractured surfaces of WF/PP composites after tensile 
testing and found the presence of numerous voids in the composites due to the trapped 
volatiles and the wood thermolysis. Therefore, attention should be placed on the 
choices of the processing temperatures, intensive drying of the fiber, the use o f the 
vacuum devolatilizer during mixing, and increased back pressure during processing 
to prevent the formation of voids.
Due to their extensive polar surface, WF are difficult to disperse in non-polar 
polymers (Maldas et al., 1993; Woodhams et al., 1991; Frenken et al., 1991; Myers 
et al., 1992; Woodhams et al., 1984). They tend to agglomerate into bundles and 
become unevenly distributed within the polymer matrix because of their higher surface 
energy. Poor dispersion of the fibers in the matrix results in a higher degree of 
variation in the ultimate properties of the composite. Processing aids can promote 
rapid dispersion and wetting of the WF by the molten polymer. Pretreatment o f the 
fibers with thermoplastics or an elastomer and a lubricant can also facilitate better 
dispersion of WF in the polymer matrix (Raj et al., 1989). Raj and Kokta (1989)
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treated Kraft pulp with stearic acid in a solution phase and found that there is an 
improvement in the dispersion of fibers in the polypropylene matrix. The water 
retention value of treated Kraft pulp decreased considerably. This suggested that the 
surface of the fiber became more hydrophobic after treatment than that o f the original 
fiber. They also found that the stearic acid was chemically bonded with the Kraft 
pulp. Woodhams et al. (1984) suggested that carboxylic processing aids should have 
been prereacted with the WF in order to esterify the surface hydroxyl groups and 
eliminate moisture during the drying process. They observed that a small amount of 
MPP wax (Eastman Chemical Epolene E43) could aid both dispersion and coupling. 
Gatenholm et al. (1993) also demonstrated that PVC-coated cellulose caused the fibers 
to be separated from each other.
2.6.2 Compatibility of Wood Fibers and Thermoplastics
Compatibility of the WF with the polymer matrix can be improved by: (a) the 
use of processing aids to promote rapid dispersion and wetting of WF by the molten 
polymer, (b) modification of the polar cellulose fiber surface by grafting with 
compatible thermoplastic segments and vinyl monomers, or coating and/or reacting 
with compatibilizing and coupling agents prior to the compounding step, (c) addition 
of various additives, vinyl monomers, compatibilizing agents or coupling agents during 
the compounding step, or (d) modification of non-polar polymer matrix with 
hydrophilic monomers or polar groups. Of these methods, graft copolymerization is 
profitable because the polarity of either the fiber or the polymer can be modified 
chemically.
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2.6.2.1 Graft Copolymerization
Meister and Chen (1992) synthesized graft polymers of wood pulp (a lignin- 
containing material) and styrene (a vinyl monomer) via a free radical reaction. The 
polymerized monomers were permanently attached to the lignin-containing materials 
by chemical bonding. This copolymerization reaction completely changed the surface 
properties of the wood pulp from very hydrophilic to very hydrophobic. The grafted 
wood pulp showed good compatibility and adhesion with the polystyrene and was 
completely dispersed in the polystyrene matrix. The wood pulp in the graft copolymer 
containing more than 45% of grafted polystyrene was thermally compressed into 
translucent uniform plastic sheets.
2.6.2.2 Derivatization of Wood Fibers
Some researchers (Hon and Shiraishi, 1991; Young and Rowell, 1986; Rowell 
and Clemons, 1992; Shiraishi et al., 1983; Matsuda, 1987) found that WF can also be 
thermoplasticized by reacting with dicarboxylic anhydrides such as SAH and MAH. 
They thought that the esterified WF should have excellent compatibility with and good 
adhesion to the thermoplastic matrices. Chtourou et al. (1992) showed that the 
acetylation of CTMP fiber improved the tensile properties of the composites although 
the mechanical properties o f acetylated fiber could be lower than those o f the non­
treated fiber, especially with a high degree of acetylation. The surface polarity of 
CTMP fiber was decreased by substitution of the hydrogen of the wood hydroxyl 
groups (-OH) with the acetyl group (CH3CO-). At the same time the interfacial 
adhesion between the fiber and the polymer was improved.
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2.6.2.3 Pretreatment of Wood Fibers with Coupling Agents
Precoating WF with various coupling agents has been widely studied. Raj, 
Kokta and Daneault et al. (1989; 1990; 1991; 1992) used various coupling agents such 
as siiane coupling agents (silane A-172, A-174, and A-1100, see Figure 2.6), 
polymethylene poly(phenyl isocyanate) (PMPPIC), and MPP wax (Epolene E-43, 
Eastman Kodak) to pretreat the WF prior to compounding into PP, PE, or polystyrene 
(PS) matrices. They found that the effects of coupling agents on the mechanical 
properties depended on type of polymer. For PP, silane-treated wood flour composites 
showed poor tensile strength and elongation while the blends of fibers pretreated with 
MPP wax and PMPPIC and PP produced better mechanical properties. For LDPE, 
composites filled with silane A-174 or PMPPIC pretreated WF achieved significant 
improvement in tensile strength compared to unfilled LLDPE. For HDPE, WF 
pretreated with A -172 or A-174 had improved tensile strength compared to unfilled 
HDPE. Both PMPPIC and Epolene pretreated WF had higher tensile strengths than 
HDPE at low fiber loading level, but lower tensile strengths than composite containing 
untreated fibers at high fiber loading level. For medium density PE (MDPE), even 
untreated WF used as filler in MDPE improved the mechanical properties of the 
matrix material compared to unfilled MDPE. The pretreatment of fibers with silane 
A-172 and PMPPIC greatly improved the tensile strength of the composites. Maldas 
and Kokta (1990) precoated WF with PE alone or PE together with PMPPIC. They 
found that mechanical properties deteriorated when fibers were coated with PE only. 
But when fibers were precoated with PMPPIC along with PE, the mechanical
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properties were improved. PS seems a better partner for PMPPIC. When PS itself 
was used along with PMPPIC as a coating component, the mechanical properties were 
superior to that o f unfilled PE.
Vinyl tri(2-Methoxyethoxy) silane (A-172)
CH2=CH— Si(0—CH2—CH2—OCH3)3 
y-Methacryloxy propyttrimethoxy silane (A-174)
CH3
I
CH2=C—C—O—(CH2)3—Si(OCH3)3 
O
y-Amino propyttrimethoxy silane (A-1100)
H2N-CH2—CH2—CH2—Si(OCH2— CH3)3
Figure 2.6 Structures of Three Organosilane Esters (Kokta et al., 1990)
2.6.2.4 The Use of Coupling Agents during Compounding Process
Some other researchers added compatibilizing and coupling agents into the 
mixture of polymer and WF. Myers et al. (1991) studied the effects o f the 
concentration of MPP and blending temperature on the mechanical properties o f the 
composites. At the optimum concentration of MPP (1-2%) and temperature (about 
200 C), the tensile strength increased even at the 50/50 PP/WF weight composition. 
Olsen (1991) used the MPP to increase adhesion between wood flour and PP. The 
mechanical properties were increased remarkably by the addition of MPP. Two 
properties of MPP, molecular weight and acid number, are important in determining 
effectiveness of MPP. Normally MPP with high molecular weight and high acid 
number was found to be most effective. Klason et al. (1992) reported that the strength
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and stiffness of the composites were promoted by the prehydrolytic treatment o f the 
cellulose as well as by the addition of MPP as a coupling agent. The hydrolysis 
resulted in the embrittlement of the cellulosic component which facilitated fine 
dispersion o f fibers in the shear field o f the extruder. Because the cellulosic 
microfibril had very high modulus and strength, composites with hydrolyzed fibers 
displayed significant improvement of strength and modulus.
2.6.2.5 Modification of Thermoplastics
Another way to improve the adhesion and chemical bonding between WF and 
thermoplastics is the modification of the polymer with polar groups or polar 
monomers. Takase and Shiraishi (1989) obtained modified PP by grafting PP with 
small amount of monomers such as MAH, glycidylmethacrylate (GMA), and 
hydroxyethylmethacrylate (HEMA). They found that the tensile strength of the MPP 
and GMA-PP composites increased with increasing WF content, whereas that of 
HEMA-PP composites remained unchanged and that of unmodified PP composites 
decreased. They further showed that the interaction of HEMA-PP with WF is by 
hydrogen bonding at the interface, whereas that of MPP and WF is by chemical 
bonding (grafting) between MPP and WF. Other researchers successfully changed the 
surface properties of PE through grafting hydrophilic monomers onto the PE surface 
by photografting, UV- and y- ray irradiation, and plasma treatment (Yamada et al., 
1992; Edge et al., 1993; Gao and Zeng, 1993; Biro et al., 1993). Maldas and Kokta 
(1991; 1990; 1991) prepared PS/WF composites by several methods: (a) modifying 
the PS by the introduction of -COOH group through the reaction with MAH, then
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mixing the modified PS and WF with or without PMPPIC; (b) precoating WF with 
a small amount o f PS, MAH, benzoyl peroxide (BPO), and/or PMPPIC in a laboratory 
roll mill, then mixing the PS with coated WF; (c) mixing PS, MAH, BPO, WF, and/or 
PMPPIC. They concluded that mechanical properties of the composites prepared by 
all three methods were greatly enhanced compared to those o f unfilled PS and 
unmodified fiber-filled composites, especially when PMPPIC is used with MAH. This 
may be due to the fact that the functional group -N=C=0 in isocyanate reacts 
chemically with both the -OH group o f cellulose and the -COOH group of modified 
polystyrene, thus forming strong adhesive bonds between cellulose and polystyrene 
(Maldas and Kokta, 1991).
2.7 Surface Reorientation of Polymeric Solids
Polymeric solids, unlike other more rigid materials such as metals and 
ceramics, have the ability to reorganize their surface structures according to different 
environments. As polymer molecules have a high degree of surface mobility, the 
surface properties of polymeric solids may be different from the bulk properties of 
polymeric solids because of their different rearrangement in the bulk and at the 
surface. This phenomenon is driven by minimization of the free energy of the system. 
Yasuda and Sharma (1981) studied the orientation and mobility o f polymer molecules 
at surfaces. They found that burying of hydrophilic groups occurred in both 
hydrophilic and hydrophobic bulk phases. Ruckenstein and Gourisankar (1986) 
studied surface restructuring of polymeric solids at the polymer-water interface. They 
reported that the surfaces of polymeric solids could undergo surface reorientation to
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minimize their interfacial free energy with a surrounding phase. Lavielle and Schultz 
(1985) studied the reorganization of the surface of a PE grafted with 1% acrylic acid 
(PEgAA) during contact with water using contact angle measurements, a color test, 
esterification, inverse gas chromatography, and photoelectron spectroscopy (ESCA). 
They found that y„d of PEgAA first increased from 35 to 55 mN/m and then decreased 
to a constant value of 30 mN/m and ysp of PEgAA increased from zero to 6 mN/m. 
The continuously increased surface polarity of the polymer was due to movements of 
the macromolecular chains followed by the orientation at the surface of acrylic groups, 
which were initially buried in the bulk phase. They also found that the carboxylic 
groups, initially virtually nonexistent in the surface layer, appeared on the surface after 
a few days of contact with water.
Lavielle and Andrade (1988) studied orientation phenomena of PE-water 
interfaces. They found that there were two stages of surface restructuring for the bulk 
grafted PE. The first step was the macromolecular chain movement. The second step 
was the orientation of the polar groups at the interface, accompanied by a rapid 
increase o f y,p. However, the polar groups present on the surface of the surface 
grafted PE oriented very rapidly. This was due to the greater mobility of the 
superficial grafted chains. They also studied surface properties of a MAH bulk grafted 
PP (PPg)-water interfaces. He obtained the maximal value of ysp after PPg was 
exposed to the water at 80°C for three days. The data showed that ysp was a linear 
function of grafting rate for both co- and homopolymer of PP and a higher ysp value 
was obtained with the homopolymer than the copolymer at the same grafting level.
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2.8 Elongational Viscosity
Many industrial processes such as fiber spinning, blow molding, vacuum 
forming and flow through porous beds are dominated by elongational rather than shear 
deformation. Shear flow measurements alone are not sufficient to characterize the 
behavior o f the materials. In these processes elongational viscosity is a significant 
rheological parameter characteristic of the materials. Unlike the shear viscosity, which 
is associated with the shear stress, the elongation viscosity deals with tensile stress. 
The elongational flows occur when the polymer melt is subjected to a stretching 
motion. There are three main types of elongational flow: planar, uniaxial, and biaxial 
as is shown in Figure 2.7 (Barnes et al., 1989; Dealy and Wissbrun, 1990).
Theoretically the true elongational viscosity is the equilibrium value at a given 
strain rate. However it is extremely difficult to achieve the equilibrium conditions. 
There are a variety of techniques used to measure the elongational viscosity of non- 
Newtonian fluids, which fall into two categories: controllable and non-controllable 
measurements. The controllable experiments normally fix certain parameters and 
measure others and require a homogeneous, initially isotropic sample. Non- 
controllable experiments can be classified as three main groups: (1) elongation of a 
fluid extruding from or into a nozzle or slit die such as spin-line rheometer and 
tubeless siphon; (2) stagnation flow techniques such as four-roll mill and impinging 
slit die flow; (3) converging flow through a hole or slit either non-lubricated or 
lubricated by a thin layer low viscosity liquid.
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(a ) P la n a r  E x te n s io n s !  F lo w
(b ) U n ia x ia l E x te n s io n a l F lo w
Cc) B ia x ia l E x te n s io n a l F lo w
Figure 2.7 Type of Simple Elongational Flow (Barnes et al., 1989; Dealy and 
Wissbrun, 1990)
Collier et al. (1992) used skin-core coextrusion to generate lubricated 
elongational flow in linear converging slit die and modified hyperbolic converging slit 
die. Kim et al (1994) modelled the coextrusion system using numerical methods and 
experimentally verified the velocity profiles of the elongational flow. They 
determined that the core to skin ratio between 7 to 10 and core to skin flow rate ratio 
100 or greater were the two necessary conditions to generate essentially shear free 
elongational flow of core materials. Pendse and Collier (1996) incorporated 
coextrusion principles into a commercial capillary shear rheometer. They designed 
hyperbolic converging dies with uniaxial geometry to replace the constant diameter 
capillary die. They developed the following equations for the elongational viscosity 
measurement.
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where
it c
_ 3 1 AP
B 4 ln (r j / . r 2) i
Q=ltRz V
Q: flow rate of the material 
R: radius of barrel o f ACER 
V: extrusion velocity 
P: pressure drop measured by ACER 
C: constant
rt/r2: ratio of entry to exit radius o f hyperbolic die
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Chapter 3 Experimental
3.1 Equipment
3.1.1 Extruder
The extruder used in this research is an intermeshing co-rotating laboratory 
twin screw extruder, model ZE 25 x 28D, made by BerstorfF Corporation. The 
extruder has two 25 mm external diameter and 17 mm core diameter screws with 
length to diameter ratio of 28 and center-to-center distance of 21.5 mm. The screws 
consist of a continuous shaft on which the various interchangeable screw elements are 
mounted. The cross section of the shaft is a rectangular polygon (14/11 mm), which 
transmits the highest torque to the screw elements at low fatigue. The screws consist 
of conveying, shearing and mixing elements. The individual screw elements can be 
assembled to form one complete screw depending on the material to be processed and 
on the process-technical task. Other important technical data are as follows: maximum 
admissible screw speed, 550 rpm; maximum driving power, 10.5 kw; maximum 
admissible torque per screw shaft, 90 Nm; maximum throughputs, up to 40 kg/h. 
There are six temperature controller zone down the barrel, each equipped with a 2.1 
kw heater with a Eurotherm Corporation digital controller (model 808 or 847) 
connected to the control panel. A temperature profile, depending on materials and 
process, can be achieved by setting the desired temperature on the controller.
40
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3.1.2 Injection Molding Machine
The injection molding machine used to produce the test specimen is an Arburg 
150-45 Allrounder 170 CMD injection molder with the screw diameter of 25 mm and 
screw length-to-diameter ratio o f 15. It consists of a clamping unit with the clamping 
force of 150 kN, an injection unit with the maximum injection force of 64 KN and the 
maximum shot capacity (polystyrene) of 29 g, and a power unit with 5.5 kw main 
drive motor. There are three 730 w heaters for the barrel and one 330 w heater for 
the nozzle. The temperature can be controlled by the on-off indicating controller. All 
the operating data can be set though function screens by selecting function keyboard 
and can be stored on cassettes for later use. Three operating modes, manual, semi­
automatic and automatic, can be selected with the key switch.
3.1.3 Rheometers
3.1.3.1 Shear Viscosity Measurements
Two different rheometers used to measure the shear viscosity o f polymeric 
materials are the Bohlin VOR Rheometer made by Bohlin Instruments Inc. and the 
advanced capillary extrusion rheometer (ACER) by Polymer Laboratories Ltd., UK 
(now a part o f Rheometrics Inc., USA). The principle of the Bohlin VOR Rheometer 
operation is that a controlled shear/strain or strain rate is applied to the sample and the 
resulting shear stress is monitored. Figure 3.1 shows a schematic o f Bohlin VOR 
Rheometer. A sample heated to desired temperature is placed between two 25 mm 
diameter parallel disks. Then a steady rotational speed, which relates to the shear rate, 
is used in the viscosity mode. Several torque bars (4 g*cm, 18 g*cm, 90 g*cm, and
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320 g*cm) are available and can be chosen based on torque signals. The size of the 
torque signal depends on the sample and the shear rates. A rule o f thumb is that the 
torque range should be greater than 5% in a selected range of shear rates. The 
measured torque signal can be converted to the shear stress and thus viscosity of 
material by the software. The advantages of this rheometer are that sample 
preparation and loading are simpler for very viscous materials and that it can vary 
shear rate (and shear strain) independently by rotation rate or by changing the gap.
The basic features of the ACER are shown in Figure 3.2 (Pendse et al., 1996). 
A drive ram is used to generate pressure on the test fluid in the barrel which is heated 
to the desired temperature with band heaters, and a capillary die (Figure 3.3) is 
connected to the bottom of the barrel. A Compumotor 4.47 kw stepper motor moves 
the ram down the barrel. The maximum travel length o f ram is 300 mm. The ram 
speed is in the range of 0.5 to 3000 mm/min. The internal diameter o f the barrel is 
20 mm. A pressure transducer (Model 1076-D6), made by Terwin Instruments Ltd., 
is attached flush with the barrel wall 5 mm above the die and is used to measure the 
pressure drop across the die. The apparent shear rates achieved in this die with L/D 
ratio of 20 are in the range of 5.33xlOl to 1.6x10s s'1. Pressure drop and flow rate 
through this die are used to determine the shear viscosity.
3.1.3.2 Elongational Viscosity Measurements
The elongational viscosity is measured in the ACER by replacing the capillary 
die with a hyperbolic die (Figure 3.4). This hyperbolic die profile was designed 
according to the following equation:
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Figure 3.4 ACER Hyperbolic Conical Die for Elongational Rheometry
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The die was then made by Scientific Fabrication Service Inc., Plaquemine, LA, using 
electro-discharge machining technology to ensure the inner die profile to the design 
equation. The elongational strain rates can be achieved in the range of 2 . 6 6 5 X 1 0 '1 to 
7.5xl02.
3.1.4 Other Equipment
Tensile properties were measured using an Instron 4301 tester. Fourier 
transform infrared (FTIR) spectroscopy was employed to characterize the SAH 
grafting level. An environmental scanning electron microscopy (ESEM) was used to 
investigate the morphology of fiber reinforced composites. A Seiko differential 
scanning calorimeter (DSC) was used to determine the melting point of the polymeric 
material. Contact angles o f polymeric materials were measured using a Kruss K14 
Surface Tensiometer. Surface energies were calculated from contact angles by the 
harmonic-mean equation.
3.2 Materials
The PP pellets used were Marlex HGX 030 (Phillips 66 Company, Bartlesville, 
OK) with a density of 0.909 g/cm3 (ASTM D792) and melt flow index of 3.0 g/10 
min (ASTM D1238, Condition 230 C/2.16 Kg). The peak melting point of HGX 030 
measured by DSC at 20 degree/min was about 169 C. The commercial MPP (Adell 
3000, Lot M30063R) was supplied by Adell Compounding Company in Baton Rouge, 
LA. WF was sweet gum wood fibers supplied by Dr. Timothy Rials, USDA Forest
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Service, Southern Forest Research Center, Pineville, LA. The components of WF are 
about 40-50% cellulose, 20-30% lignin, and 25-35% hemicellulose. Commercial 
maleic anhydride (MAH), initiator including dicumyl peroxide (DCP) and benzoyl 
peroxide (BP), and calcium stearate as a processing aid were also used in this study.
3.3 Experimental Procedures
3.3.1 Maleation of Polypropylene
Two methods were used in this study: (1) The PP pellets, MAH, initiator, and 
other additives were premixed. Then the mixture was hand fed into the extruder for 
reaction; (2) The PP pellets were fed into the feeder port at a predetermined rate 
through a vibratory feeder made by Syntron Company, Homer City, PA. The mixture 
of MAH and initiator was injected into the Berstorff 25 mm corotating twin-screw 
extruder by a precisely controlled syringe pump. A vacuum ventilation system, 
connected to the second but last port o f the extruder, was used to remove the harmful 
volatiles from the system. In this system, the temperature profile rises with distance 
down the extruder as the feeds are being melted and mixed. The extrudate was cooled 
in the air and pelletized. The samples o f this MPP were prepared for SAH% grafting 
level measurements by dissolving residual non-grafited MAH in hot xylene, 
precipitating the modified PP in acetone, and vacuum filtering. The dried precipitate 
was therefore free of residual non-grafted MAH (Kozel and Kazmierczak, 1991). 
Then the precipitated samples were dried in a vacuum oven at 105-120°C for 24 hours 
to reconvert hydrolysed grafted SA to SAH (Hogt, 1988; Kozel and Kazmierczak,
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1991) and prepared for measurements. The level o f grafted MAH was determined by 
FTIR spectroscopy.
Standard solutions were also prepared by dissolving known amounts o f SAH 
and PP in xylene. A calibration curve, which showed the correlation o f the known 
amounts of SAH and the carbonyl index, was obtained by FTIR spectroscopy (Hogt, 
1988; Kozel and Kazmierczak, 1991; Cantor, 1993). The carbonyl index was defined 
as the intensity o f the carbonyl absorption peak at 1785 cm"1 divided by that o f the 
CH3 absorption at 1165 cm"1. The level o f grafted MAH was determined by 
measuring the carbonyl index of the modified PP films.
3.3.2 PP/WF Composites
WF were dried at 60 C in an air circulating oven for 24 hours and then 
compounded with the PP at different fiber concentrations (0-50%wt) in a Berstorff 25 
mm corotating twin-screw extruder at 170-200 C. Two different methods were used 
to obtain the composites: (1) The dried WF was compounded with PP in the Berstorff 
25 mm corotating twin screw extruder in the presence of MPP as a coupling agent. 
(2) The mixture o f dried WF, PP, MAH, DCP (initiator), and processing aids was in­
line maleated and compounded in the same extruder. The compounded extrudates 
were then cooled in the air and pelletized. Dog-bone shaped tensile specimens were 
prepared using an Arburg 150-45 Allrounder 170 CMD injection molding machine. 
Test specimens were then allowed to stand for at least 24 hours at room temperature 
before testing. The mechanical properties were tested in an Instron tensile tester 
according to ASTM D638 specifications. The specimen has dimensions of 12.56 mm
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for the width o f narrow section and 3.05 mm for thickness. At least six specimens 
were tested for each composite series. The testing results were automatically 
calculated by an Instron 4301 tester.
3.3.3 Sample Preparation for Elongational Viscosity Measurement
Techniques developed by Pendse and Collier (1996) were used to prepare 
samples and avoid problems with interface instability and development o f bubbles and 
cavities. New techniques were also developed in this research as follows. Two 
different size molds were made from a copper tube with the inner diameter of 20 mm 
and 13.5 mm respectively. A schematic o f the mold is shown in Figure 3.5. The 
flange was easily clamped with the extrusion assembly. The inside of tube was 
sprayed with a mold release agent before the extrusion started. Upon completing 
extrusion the tube was detached and quenched in ice water. The billet was then 
removed and ready for measurements or further preparation.
Two different methods were used for sample preparation: (1) Both skin and 
core materials were extruded into 20mm and 13.5 mm diameter billets. Then a 13.5 
mm diameter hole was drilled through the 20 mm diameter skin material billet. The 
core billet was fitted into that hollow cylinder and the two layered billet (Figure 3.6) 
was ready for elongational viscosity measurements; (2) The core materials were 
extruded into a 13.5 mm diameter billlet. Two small caps with inner and external 
diameter of 13.5 mm and 20 mm respectively, made by lower viscosity skin materials, 
were placed onto the both ends of the core billet. The lower viscosity skin material
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Figure 3.5 Schematic of the Mold for Billet Preparation
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Figure 3.6 Two Layered Billet
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was put into the barrel o f ACER (200 C) until it melted. Then the core billet was 
inserted into the barrel of ACER and ready for measurement after subsequent melting.
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Chapter 4 Results and Discussion
4.1 Maleation of Polypropylene
4.1.1 Calibration Curve for SAH% Grafting Level
Standard solutions were prepared by dissolving known amount of SAH and PP 
in xylene at its boiling point (135 C). Thin films were formed onto KBr plates by 
putting several drops of solution on a KBr plate and then evaporating the solvent. 
FTIR spectroscopy was used. Figure 4.1 compares the FTIR spectra o f MAH, SAH, 
PP, and MPP. It shows that MPP has a strong peak at 1776 cm*1 typical o f a cyclic 
anhydride while PP does not show the corresponding peak. This peak apparently 
results from grafting SAH groups onto the PP.
Maleic Anhydride
17808
C
S
I
Succinic Anhydride
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Figure 4.1 FTIR Spectra of SAH, MAH, PP, and MPP
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Carbonyl index, which is the peak area o f the carbonyl absorption peak at 1785 
cm'1 divided by that o f the CH3 absorption peak at 1165 cm'1, was used as a relative 
measure of the amount of grafted SAH. Table 4.1 shows the relationship of SAH to 
PP ratio (%) and carbonyl index. The linear regression line is illustrated in Figure 4.2.
Table 4.1 Relationship of SAH to PP Ratio (%) and Carbonyl Index
SAH (wt %) Carbonyl Index
0 0
0.1705 0.1154
0.3838 0.1736
0.5418 0.2642
0.9460 0.3426
1.137 0.4257
§ 0.8
"aJ>
e*) 0 .6(3
0.4
0.2
0.0
0.0 0 . 1 0.2 0.3 0.4 0.5
IR Carbonyl Index
Figure 4.2 SAH% Grafting Level vs. Carbonyl Index
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4.1.2 Maleation of Polypropylene
Since maleation is a heterogeneous reaction, the uniformity o f the feeding 
material and feeding rate control are critical for homogeneous products. The final 
products made from hand feed premixtures are not satisfactory since SAH% grafting 
level shows significant variations even within the same run (Table 4.2). The wide 
variation makes it difficult to differentiate runs with different conditions. However, 
these variations can be significantly reduced by precisely controlling flow rate o f the 
feeding materials (Table 4.2). This is achieved by using a syringe pump and vibratory 
feeder. Both the vibratory feeder and the syringe pump were calibrated to measure 
the flow rates of feeding materials (Figure 4.3 and Figure 4.4).
Table 4.2 Comparison of Reaction Uniformity of Hand Feed Premixture with Control 
Flow Rate Feeding
Sample # for feed type
Hand feed Control feeding
SAH% SAH%
1 0.326 1.02
2 0.359 1.04
3 0.340 1.05
4 0.296 1.09
5 0.442 1.11
6 0.462
Mean 0.371 1.06
Std Dev 0.0665 0.037
Std Error 0.0271 0.017
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4.1.2.1 Effects of Organic Peroxides
Organic peroxides are thermally unstable and undergo homolytic cleavage to 
form free radicals under extrusion conditions. The radicals extract hydrogen from 
polypropylene chains and initiate the grafting process o f MAH onto the PP backbone, 
accompanied by chain scission o f PP. The degrees of grafting and degradation depend 
on the initial concentration of initiators and maleic anhydride. Two types o f organic 
peroxides, dicumyl peroxide and benzoyl peroxide, were used as initiators in this 
study.
At a constant initial concentration of MAH (6.5 wt% based on PP), the SAH% 
grafting level increases with increased initial BP concentration but levels off when 
initial BP concentration is greater than 1.6 wt% (Figure 4.5). Figure 4.6 shows the 
effects of initial BP concentration on the SAH % grafting level at a fixed BP/MAH 
ration of 0.125. Again more SAH was grafted to PP when initial BP concentration 
increased. However, when initial concentration of BP exceeded 1.7 wt%, the SAH% 
grafting level had an insignificant increase with initial BP concentration. Since 
maleation of PP degrades PP at the same time MAH is grafted onto the PP backbone, 
the initial initiator concentration is critical in obtaining maximum SAH grafting level 
without sacrificing the Theological and mechanical properties o f final products. Table
4.3 compared optimum initial BP concentration at which SAH% grafting level leveled 
off, at the different BP/MAH ratio. Apparently the optimum BP concentration does 
not vary significantly with BP/MAH ratio even when the ratio was doubled.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SAH
 
gra
ftin
g 
lev
el 
(%)
 
SAH
 
gra
ftin
g 
lev
el 
(%
)
56
2.5
MAH added: 6.5%
2.0
0.5
0.0 1 .00.5 1 .5 2.0 2.5 3.0 3.5
Benzoyl peroxide added (%)
4.5 Effects of BP Amount on SAH% at Constant MAH Concentration
.6
. 4
.2
.O
0.8
0.6
0 . 4 BP : MAH
0.2
0.0
0.0 0.5 1 .O 1 .5 2.0 3.02.5
Benzoyl peroxide added (%)
Figure 4.6 Effects of BP Amount on SAH% at Fixed BP/MAH Ratio
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Table 4.3 BP/MAH Ratio vs. Optimum BP Concentration
BP/MAH Ratio 1:8 1:4
Optimum BP Cone. 1.7 1.6
SAH% Grafted 1.27 1.91
4.1.2.2 Effects of MAH
Figure 4.7 shows the effects of MAH amount on the SAH grafting level at 
constant initial concentration of BP (1.77% based on PP). The SAH grafting level 
increased with increased amount o f MAH up to 6.63 wt% and did not show any 
significant increase after that point. Figure 4.8 shows that at the fixed MAH/BP ratio 
of 8:1 the higher initial MAH concentration results in more SAH grafted onto PP.
4.1.2.3 Effects of Maleation
Table 4.4 shows the effect o f maleation on the peak melting point of PP. It 
seems that the peak melting point drops 4-5 degrees upon maleation. However, there 
is no significant difference between samples with different SAH% grafting level.
Table 4.4 Effect of Maleation on Peak Melting Point
MAH% Added SAH% Grafted Tm (C)
PP 168
1 0.66 163.8
2 0.97 162.8
3 0.76 163.4
4 1.10 164.4
5 0.71 163.5
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The effects o f MAH on tensile properties are given in Table 4.5. The tensile 
strength decreases from 38.09 MPa for neat PP to 34.53 MPa for 9% MAH. Both the 
modulus and elongation at break demonstrate a minimum at 1-3% MAH; the modulus 
starting at 529 MPa drops to 450 MPa and then increases to 508 MPa; the elongation 
at break dropped from 51.12% to 20.03% and increased to 62.20%. The Duncan Post- 
hoc Analysis shows statistically that the amount o f MAH has a significant effect upon 
the tensile strength and elongation but no marked influences on Young’s Modulus. 
Please note that the elongation values at 5%, 7%, and 9% MAH basically belong to 
the same group. The mean values and standard deviation reflect the large fluctuation 
o f the data points.
Table 4.5 Effects of MAH on Tensile Properties o f PP
Sample MAH*
(%)
Tensile Strength 
(MPa)
Elongation
(%)
Young’s Modulus 
(MPa)
PP 38.09 (0.31)** A 51.12 (6.77) B 529 (73) A
1 1 36.93 (0.26) B 20.03 (2.26) D 479 (54) BA
2 3 36.68 (0.18) B 28.20 (5.63) C 450 (47) B
3 5 35.39 (0.32) C 59.70 (3.93) A 492 (14) BA
4 7 35.43 (0.67) C 62.20 (8.34) A 503 (29) BA
5 9 34.53 (0.72) D 55.63 (9.71) BA 508 (46) BA
*0.5% DCP used in this set of experiments
**Numbers inside parenthesis are standard deviation
A,B,C,D -- Duncan Post-hoc Analysis, means with same letter are not significantly 
different at 95% prevability level
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The effects of DCP on the tensile properties of MPP are shown in Table 4.6. 
The tensile strength first decreases from 38.09 MPa for neat PP to 35.33 MPa for 
0.1% DCP, then increases to 39.47 MPa for 0.9% DCP; the elongation first increases 
from 51.12% for neat PP to 80.05% for 0.1% DCP, then decreases to 36.28% for 
0.9% DCP; the Young’s Modulus seems quite stable at around 570 MPa. Statistically, 
DCP has significant effects on tensile strength and elongation but does not affect the 
modulus.
Table 4.6 Effects o f DCP on Tensile Properties of PP
Sample DCP*
(%)
Tensile Strength 
(MPa)
Elongation
(%)
Young’s Modulus 
(MPa)
PP 38.09 (0.31)**C 51.12 (6.77) B 529 (73) BA
1 0.1 35.33 (0.20) D 80.05 (18.58) A 510 (22) B
2 0.3 39.18 (0.69) B 46.09 (11.40) CB 602 (22) A
3 0.5 39.66 (0.24) A 36.08 (1.16) D 577 (78) BA
4 0.7 39.48 (0.34) BA 35.11 (1.62) CD 574 (38) BA
5 0.9 39.47 (0.24) BA 36.28 (7.98) CD 534 (52) BA
*4% MAH used in this set o f  experiments 
**Numbers inside parenthesis are standard deviation
A,B,C,D — Duncan Post-hoc Analysis, means with same letter are not significantly 
different at 95% prevability level
4.1.3 Determination of Surface Energy and Contact Angles
The harmonic-mean equations were employed in this study to calculate the 
surface energy of polymeric materials. As can be seen from equations (9) and (10), 
the surface energy of polymeric material is a complex function of contact angles of 
the two testing liquids. Normally the testing liquids chosen are water and methylene
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iodide. Since the surface energies of water and methylene iodide are known, it is 
possible to construct the 3-D diagrams which show the effects o f the contact angles 
o f the testing liquids on the surface energy of polymeric materials (Figure 4.9-4.11). 
The limitation o f the harmonic-mean equations is also evaluated by varying the 
contact angles. It is found that once the contact angle with methylene iodide is greater 
than 100 degrees or the contact angle with water is greater than 120 degrees, the value 
of either dispersive or polar surface energy becomes negative. This means that the 
harmonic-mean equations are only valid in a defined range of contact angles 
(methylene iodide: 0-100 degree; water: 0-120 degree). The dispersive surface energy 
increases with larger contact angle with methylene iodide and smaller contact angle 
with water. The polar surface energy increases with smaller contact angle with 
methylene iodide and larger contact angle with water. The total surface energy has 
a complex relationship with contact angles. This demonstrates that contact angles with 
water or other single liquid alone do not give a true picture o f the surface properties 
of polymeric materials. Only the surface energy sheds light on the surface properties 
o f polymer. It is also clear that the harmonic-mean equations are only suitable for low 
surface energy polymeric materials.
Table 4.7 shows the contact angle and surface energy of virgin PP (HGX 030). 
The contact angles of PP with water and methylene iodide are 102.5 and 57.6 degree, 
respectively. Table 4.8 compares the surface energy o f nylon and PP with and 
without treatment respectively. The low ’f  value of PP (1.5 mN/m) tells us that PP 
is quite hydrophobic compared with nylon. This results in low water and moisture
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retention. When nylon is coated with 2 vol% fumaric acid, its polar surface energy 
increases from 16 mN/m to 21.5 mN/m (Seyfzadeh, 1996). After the maleation of PP, 
MPP still does not show any significant increase of surface energy. This is because 
the hydrophilic segments o f grafted SAH are buried in the bulk phase of MPP. In 
order to increase the surface energy of MPP, it is necessary to bring the SAH segment 
onto the surface of MPP. Since polymeric short chains have a degree of mobility, it 
is possible to reorient grafted SAH groups onto the MPP surface by immersing MPP 
into highly polar liquids. Two of the most polar liquids are ammonia and water. 
Water was used as a polar medium in this study. Once the MPP contacts water, the 
thermodynamic driving force, due to the minimization of the free energy of the 
system, causes the pendant SAH groups to orient onto the MPP surface. In the 
presence o f water, the SAH groups are also converted to the succinic acids. Table 4.8 
shows that the polar surface energy of MPP increases from 2.1 mN/m to 8.6 mN/m 
after MPP contacts water at 100 C. This means that MPP surface becomes more 
hydrophilic after contacting with water.
Table 4.7 Surface Energy and Contact Angle o f Virgin PP
Contact Angle Surface Energy (mN/m)
with H20 with CH2I2 y Yd YP
102.5 57.6 32.7 31.2 1.5
Figure 4.12 demonstrates that the polar component o f surface energy of MPP 
(0.71% SAH) increases with water contact time, reaches a maximum at room 
temperature after six days immersed in water, then finally becomes constant after
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some variation. This is due to the reorientation of grafted SAH onto the MPP surface 
in the presence of the polar media. Also, once the reorientation process is completed, 
the oriented surface is quite stable at room temperature over long periods of time.
Table 4.8 Surface Energy of Nylon and PP
Sample
Surface Energy (mN/m)
y Yd yP
Nylon 46.5 30.5 16.0
Nylon Coated* 55.3 33.8 21.5
PP 32.7 31.2 1.5
MPP 33.1 31.0 2.1
MPP** 37.8 29.2 8.6
♦Treated with 2 vol % fumaric acid (Seyfzadeh, 1996) 
**MPP contact with water at 100 C
Figure 4.13 shows the effect of water contact time at the boiling point o f water. 
The MPP sample here has the SAH% grafting level of 1.06%. A similar trend was 
observed. It seems that the hot water contact with MPP is more efficient than water 
contact at room temperature. The polar component o f surface energy reached a 
maximum after only 12 minutes contact.
Table 4.9 shows the effect of SAH% grafting level on surface energy o f MPP 
after 15 days contact with water at room temperature. It is obvious that the higher the 
SAH% grafting level, the higher the polar surface energy was obtained after water 
contact. When the SAH% grafting level increases from 0.37% to 0.97%, the polar 
surface energy increases from 7.0 to 13.5 mN/m.
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Table 4.9 Effect of SAH% Grafting Level on Surface Energy of MPP
Sample SAH %
Surface Energy (mN/m)
Y Y- f
1 0.97 33.44 19.94 13.50
2 0.37 31.12 24.10 7.02
4.2 Melt Rheological Properties of MPP and PP/WF Composites
4.2.1 Shear Stress-Shear Rate Curves
Figures 4.14-4.17 show representative plots of shear stress-shear rate 
relationship at a given temperature o f 200 C. The experimental data were evaluated 
by fitting the data into power law model, t  = Krf, where t  is shear stress; y, the shear 
rate; K, the consistency; and n, the flow index. Most non-Newtonian materials show 
the pseudoplastic behavior characterized by n < 1. Therefore, the lower pseudoplastic 
nature o f the material is expected by a higher value of n. Figure 4.14 shows 
representative plots of shear stress-shear rate data for the sequential composites. Table 
4.10 lists the values of power law consistency and flow index n for the sequential 
composites. It appears that the sequential composites are more pseudoplastic than neat 
PP. The pseudoplastic behavior o f composites increases with the fiber loading since 
the value of power law flow index decreases from 0.8921 for neat PP to 0.5371 for 
50% -20 mesh size WF (0.5948 for 50% +20 mesh size WF). The WF sizes do affect 
the pseudoplastic behavior of composites as is shown in Table 4.10. The higher 
pseudoplastic nature of composites is observed with the shorter sizes o f WF. The 
curves in Figure 4.14 and the correlation factor in Table 4.10 indicate that power law
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behavior is followed by both neat PP and the sequential composites. However, 
deviation from power law behavior occurs at higher shear rates. Figure 4.15 and 
Table 4.11 illustrated the shear stress-shear rate relationship for simultaneous 
composites. The pseudoplastic behavior is higher for the simultaneous composites 
than for the neat PP, especially at higher fiber concentration. However, deviation 
from power law again occurs at higher shear rates. Figures 4.16-4.17 show the effects 
o f maleation on the pseudoplastic behavior o f MPP. It seems that all the curves are 
nearly parallel to one another, indicating an influence on consistency but an 
insignificant effect of maleation upon the pseudoplastic nature o f PP.
Table 4.10 Values of Power Law Parameters for the Sequential Composites
Sample n K Corr.
Neat PP 0.8921 5933 0.99877
PP/10%WF(-20 mesh) 0.8098 6881 0.99988
PP/20%WF(-20 mesh) 0.6333 3855 0.99887
PP/30%WF(-20 mesh) 0.6080 4548 0.99931
PP/50%WF(-20 mesh) 0.5371 4928 0.98686
PP/10%WF(+20 mesh) 0.8556 6701 0.99996
PP/20%WF(+20 mesh) 0.6824 4078 0.99903
PP/3 0%WF(+20 mesh) 0.6190 3734 0.99946
PP/40%WF(+20 mesh) 0.4818 2143 0.98579
PP/50%WF(+20 mesh) 0.5948 6729 0.99882
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Table 4.11 Values of Power Law Parameters for the Simultaneous Composites
Sample n K Corr.
Neat PP 0.8921 5933 0.99877
PP/10%WF/0.1 %DCP/1 %MAH 0.7308 951.4 0.98981
PP/20% WF/0.1 %DCP/1 %MAH 0.7715 1170 0.99714
PP/40% WF/0.1%DCP/1%MAH 0.4263 719.1 0.96452
4.2.2 Shear Viscosity
Figure 4.18 shows that the shear viscosity of PP decreases significantly with 
DCP and then increases above the level for DCP alone with increasing amount of 
MAH. However even with 5% MAH the viscosity is not as high as virgin PP. 
Similar effects of MAH are shown with BP as the initiator in Figure 4.19. The data 
in Figure 4.20 demonstrate that the shear viscosity of MPP is lower than that of virgin 
PP but increases with SAH% grafting level. This effect shown in these three figures 
is due to the synergic effects of maleation and degradation of PP. In the absence of 
MAH, PP was degraded by initiators dramatically. Melt viscosities o f the degraded 
PP were about two orders o f magnitude lower than the values with neat PP. However, 
the presence of MAH during maleation results in both grafting reaction and 
degradation. There is a trend that melt viscosities of MPP increase with increasing 
amount of MAH. The viscosity regain is probably due to the grafting of SAH to the 
PP backbone and less degradation in the presence of MAH. Figure 4.20 clearly shows 
that higher viscosities are obtained with higher SAH% grafting level. It may also be 
noted from Figures 4.18-4.20 that the viscosity decreases with increasing shear rate,
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indicating the shear-thinning behavior of the material. The viscosity-shear rate plots 
tend to converge at higher shear rate and above 10 s '1 the maleation has little effect 
on shear viscosity.
Viscosity-shear rate curves for sequential PPAVF composites with varying 
levels o f fiber loading and the two different sizes o f fibers at 200 C are presented in 
Figure 4.21. It is observed that in all cases the melt viscosities increase with the 
presence of fibers and decrease with increasing shear rate. The presence of WF 
causes an appreciable increase in shear viscosity, especially at lower shear rate. The 
higher the WF concentration, the higher melt viscosities o f the PPAVF composites. 
This indicates that melts become more shear-thinning with higher fiber concentration. 
Several plausible reasons can be used to explain the viscosity increase of PPAVF 
composite melt (Han, 1981; Varkey et al., 1995; Gahleitner et al., 1994; Gupta et al., 
1992; Maiti and Hassan, 1989; Deaiy and Wissbrun, 1990). First, incorporation of 
short fibers introduces discontinuity in the polymer matrix. These discontinuities 
cause resistance to the polymer melt flow, thus increasing the viscosities. Higher fiber 
loading further increases the discontinuity, therefore higher viscosities are obtained. 
Another reason for the viscosity increase is due to increased friction toward the 
polymer melt flow. The greater the filler-polymer interaction, the greater the 
resistance to the polymer melt flow, thus the higher the viscosities. The third 
explanation for the viscosity rise is that incorporation of fibers increases viscous 
energy dissipation in the polymer matrix.
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The WF size has a significant impact on melt viscosities of PPAVF composites. 
Because o f the higher surface area of shorter fibers and smaller distance between these 
fibers in the composite melts at the same fiber loading, smaller fibers are subject to 
stronger attractive forces. These forces promote aggregation and the interaction 
between fibers, thus causing further viscosity rise. Longer fibers have little tendency 
to aggregate (Basu et al., 1992). Higher melt viscosities are observed with the shorter 
WF in this experiment, especially at low shear rate. Therefore, the composite melt 
shows higher shear-thinning behavior with shorter WF. In all cases the viscosities of 
PPAVF composites and neat PP tend to converge at higher shear rate. This is 
particularly important in polymer processing because processing operations are often 
limited by the high shear rate viscosity, which is less strongly affected by fillers than 
the low shear rate viscosity. Therefore very little additional energy is needed to 
successfully process these highly fiber-filled composites in injection molding and 
extrusion.
Figure 4.22 shows viscosity-shear rate curve for simultaneous composite melts 
with varying fiber loading level. A somewhat similar trend is observed for 
simultaneous composites as is for sequential composites. However, there are some 
differences between sequential and simultaneous composites. For sequential 
composites, the viscosities of the composites are higher than that o f virgin PP and 
composites with smaller fiber sizes have higher viscosities than with larger fiber sizes. 
For simultaneous composites, the viscosities of the composites are lower than that of 
virgin PP. This is due to the maleation effects of PP during compounding and in-line
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maleation in an extruder. The simultaneous composite melts also indicate increased 
shear thinning nature with higher WF loading level.
100000
» PP
<r PP/40%WF(+20 mesh)/0.1%DCP/l%MAH 
• PP/20%WF(+20 m esh)/0.1 %DCP/1 %MAH 
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^  1 0 0 0 0  
«e
CL,
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M
1000
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0.01 0.1 1 
Shear rate ( l / s )
Figure 4.22 Effect of Fiber Loading Level on Shear Viscosity (Simultaneous) 
4.2.3 Elongational Viscosity
Figure 4.23 shows the elongational viscosities of PP and MPP with different 
SAH% grafting level. The elongational viscosity of MPP is normally lower than that 
o f virgin PP. At lower strain rate, it seems that the elongational viscosity decreased 
with increasing SAH grafting level. However, the viscosity curves converge at the 
higher strain rate.
Figures 4.24-4.25 show the elongational viscosities o f PPAVF composite melts 
with varying fiber loading level. It is seen that the elongational viscosities decrease
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Figure 4.23 SAH% Grafting Level vs. Elongational Viscosity
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Figure 4.24 Fiber Loading Level vs. Elongational Viscosity (Sequential)
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with strain rate in all the cases, indicating elongation softening behavior. The 
elongational viscosities also increase with increasing fiber contents for both the -20 
mesh size and +20 mesh size fibers. The experimental results agree with Goddard’s 
theory (Goddard, 1978) o f elongational flow of suspensions o f non-Newtonian fluids, 
which predicts a decrease in elongational viscosity when the suspending medium 
exhibits shear-thinning behavior. Figure 4.26 compares the elongational viscosities 
with different size o f WF at 20% and 30% fiber loading. It indicates that the 
composite melts with shorter fibers have higher elongational viscosities at lower strain 
rate, especially at higher fiber loading level. However, the effect o f fiber size on the 
elongational viscosities become smaller at higher strain rate.
4.2.3.1 Fiber Orientation in Elongational Flow
The good dispersion of wood fibers into the PP matrix is achieved by twin 
screw extruder because o f its high shear flow within the barrel. The shear flow tends 
to rotate and tumble the fibers and disrupts the fiber orientation. Thus the fibers 
within the extrudate will be randomly distributed into the PP matrix. However, fibers 
are readily oriented by flow fields in extensional flow (Han, 1976). Figure 4.27 shows 
a ESEM microphotograph of the surface of the
extrudate o f a sequential composite after elongational viscosity measurement. It is 
apparent that the wood fibers are oriented in the flow direction and parallel to one 
another. This phenomenon also demonstrates that pure elongational flow is generated 
by the skin/core lubricated flow technique.
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Figure 4.25 Fiber Loading Level vs. Elongational Viscosity (Sequential)
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Figure 4.26 Effect of WF Size on Elongational Viscosity (Sequential)
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Figure 4.27 Fiber Orientation in the Elongational Flow
4.2.4 Master Curves
The highly fiber-filled composite melts tend to become more shear-thinning as 
the WF contents increase. Viscosity was plotted in the previous figure (Figure 4.21) 
as a function of the shear rate for both the neat PP and PPAVF composites with 
varying WF contents. As expected, the viscosity increases with WF concentration 
under a constant shear rate. However, the vertical distance between the logarithmic 
viscosity functions of the composite and neat PP is not a constant, i.e., it is a function 
of the shear rate. Thus it is difficult to construct a master curve by simply defining 
a shift factor at constant shear rate since the shift factor is affected by not only the 
WF concentration but also the shear rate (Vinogradov and Malkin, 1980; Friedrich et
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al., 1995; Ohl and Gleissle, 1993). Some other methods must be used to derive a 
master curve.
If we plot the viscosity-shear rate curve on a linear scale, it is not difficult to 
find that all the experimental data are well fitted to the expression r| = r|0 + 
A lexp(ytl) + A2exp(yt2). In this case the viscosity curve of neat PP is chosen as a 
reference curve. The vertical distance between the composite melts with varying WF 
content and neat PP is calculated and then plotted as a function of the shear rate. All 
the resulting curves are fitted to the same expression. The regression parameters in 
this expression are summarized in Table 4.12 and Table 4.13. All the curves can then 
be shifted to the reference curve by calculating the viscosity value based on the 
regression curves for each WF loading level. The master curve for -20 mesh size is 
shown in Figure 4.28 and the Al and A2 parameters in Figure 4.29. The effects of 
WF loading level on the regression parameters for +20 mesh size are illustrated in 
Figures 4.30-4.31. The A l and A2 values for both -20 mesh size and +20 mesh size 
WF increase with the fiber loading level almost linearly.
Table 4.12 The Regression Parameters for -20 Mesh size WF (Sequential)
WF (-20 Mesh) wt% Tlo Al tl A2 a
10 3037 3679 0.015 710 0.082
20 1380 8847 0.017 977 0.075
30 1104 9335 0.007 11440 0.053
50 -1426 21420 0.012 27120 0.078
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
1 0
WF: —20 mesh size
coas
(X ,
1 0 °
Shear rate (1 /s)
Figure 4.28 The Viscosity-Shear Rate Master Curve for -20 Mesh Size WF 
(Sequential)
30000 
25000 
20000
60
-2 15000a>
Sas
co 10OOO
P u
5000 
O
-5000
O 10 20 30 40 50 60
WF laoding level (%)
Figure 4.29 The Regression Parameters vs. WF (-20 Mesh Size) Content (Sequential)
t-------------1-------------1--------------1-------------r
WF: —20 mesh size
o Al 
•  A2
J____________ I____________ I____________ I____________ L
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
84
10
WF: +20 mesh size
«<0cu
mooco
1 0
10
1 0 °
Shear rate (1 /s)
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Figure 4.31 The Regression Parameters vs. WF (+20 Mesh Size) Content (Sequential)
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Table 4.13 The Regression Parameters for +20 Mesh Size WF (Sequential)
WF (+20 Mesh) wt% no A1 tl A2 t2
10 1789 1269 0.005 978 0.023
20 -372 5277 0.065 4724 0.063
30 0 7869 0.006 8009 0.048
40 -3518 9637 0.008 12010 0.064
50 261 14830 0.007 26910 0.067
The master curve for maleation is also derived based on the same approach. 
The viscosity curve for neat PP is chosen as a reference curve (see Figure 4.20). The 
vertical distance between the MPP with varying SAH grafting level and neat PP is 
calculated and then plotted as a function of the shear rate. It is found that the vertical 
distance is a linear function of the shear rate in all the cases (Ar) = A + B'^. The 
regression parameters in this expression are summarized in Table 4.14. All the curves 
can then be shifted to the reference curve by calculating the viscosity value based on 
the regression equations for each SAH% grafting level. The master curve is shown 
in Figure 4.32. The effects o f SAH% grafting level on regression parameters are 
illustrated in Figure 4.33.
Table 4.14 The Regression Parameters for Maleation
SAH% Grafting Level A B
0.66 9874 -29978
0.97 9531 -31534
1.91 7753 -30485
2.01 5710 -25919
2.06 4313 -18895
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
86
m
cda .
v>oo
CO
1 o °
Shear rate (1/s)
Figure 4.32 The Viscosity-Shear Rate Master Curve for Maleation
20000
10000 o
w
g -10000
-20000
-30000
-40000
0.5 2.0 2.51 .O 1 .5
SAH% grafting level
Figure 4.33 The Regression Parameters vs. SAH% Grafting Level
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
4.3 PPAVF Composites
WF is an attractive reinforcement in thermoplastic and thermosetting polymer 
structure due to the synergism of properties. The mechanical properties o f the 
composite come from the effective stress transfer between a high modulus WF and a 
low modulus plastic through an interface o f intermediate modulus. The quality o f this 
interface is controlled by the adhesion between the fibers and the polymer matrices. 
Since hydrophilic WF and hydrophobic synthetic polymer are not compatible, two 
different methods are used to improve the compatibilization of PP and WF in this 
study. The first approach, sequential maleation and WF compounding, compounds PP 
with WF in the presence of MPP as a coupling agent. Simultaneous maleation and 
WF compounding are also employed to promote simultaneous reaction o f PP, MAH, 
and WF in the presence of initiators.
4.3.1 Mechanical Properties of PPAVF Composites
The effects of fiber mesh size and fiber loading level on tensile properties of 
the PP/MPPAVF composites are presented in Figures 4.34-4.36 and Table 4.15. 
Compared to virgin PP, the addition of WF in PP in the presence o f MPP as a 
coupling agent increases the tensile strength and Young’s modulus of the composites 
while decreasing strain at break. The tensile strength increases almost linearly with 
increased fiber loading from 38.09 MPa for virgin PP up to 51.47 MPa for 50 wt% - 
20 mesh size WF and 56.35 MPa for 50 wt% +20 mesh size WF respectively. Results 
from the Duncan Post-hoc analysis show that the fiber mesh size does have significant 
effects on the tensile strength, especially at high fiber concentrations. The
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longer fibers gave higher tensile strengths. This is because the +20 mesh size fiber 
has a larger aspect ratio, which results in higher tensile strength of composites. The 
strain at break shows an exponential decrease with increasing fiber loading level from 
51.12% for virgin PP to 9.76% for -20 mesh (A 20 mesh sieve has a sieve opening 
of 0.841 mm) size WF and 7.77% for +20 mesh size WF, respectively. The fiber 
mesh size has a marked effect upon the strain at break, with longer fibers having the 
lower strain at break. The Young’s modulus increases almost linearly with fiber 
loading level from 529 MPa for virgin PP to 950 for 50 wt% WF, having no marked 
difference between -20 mesh size and +20 mesh size WF.
As the compatibilization of the hydrophilic WF and the hydrophobic polyolefin 
matrix is very poor, the mechanically blended composites always show a decreasing 
tendency in mechanical strength with increasing fiber loading. As is shown in Figure 
4.37 and Table 4.16, the mechanically blended composites with 20 wt% WF have a 
tensile strength of 36.48 MPa, lower than that of virgin PP (38.09 MPa). MPP is 
selected as a coupling agent since it contains pendent SAH groups and can react with 
both the PP matrix and -OH groups on the surface of WF. Figure 4.37 and Table 4.16 
also show the effect of MPP on the tensile properties of the composites. The tensile 
strength of composites with 20 wt% WF greatly increases in the presence o f MPP, 
from 36.48 MPa for 0% MPP to 46.76 MPa for 9% MPP. This is because the tensile 
strength of the composite is generally related to the behavior and character o f the 
interface. Within a PPAVF composite there are two discernible component phases 
which are separated by an interface or interphase region. As pointed out by Erickson
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Table 4.15 Effects o f Fiber Loading and Size on Tensile Properties of Sequential 
PPAVF Composites
No.
WF*
(%)
Tensile Strength 
(MPa)
Elongation
(%)
Young’s Modulus 
(MPa)
PP 38.09 (0.31)**I 51.12 (6.77) A 529 (73) F
1 10 (-20) 40.66 (0.13) H 25.90 (3.30) B 590 (36) FE
2 10 (+20) 41.32 (0.17) G 25.03 (1.32) B 653 (44) E
3 20 (-20) 43.70 (0.38) F 17.23 (0.93) C 747 (115) D
4 20 (+20) 44.86 (0.34) E 14.25 (1.75) DC 632 (21) E
5 30 (-20) 46.83 (0.60) D 11.22 (1.50) DE 780 (85) CD
6 30 (+20) 47.40 (0.75) D 10.18 (0.92) DE 867 (84) C
7 40 (+20) 52.53 (0.87) B 8.90 (0.36) E 1100 (64) A
8 50 (-20) 51.54 (0.59) C 9.76 (0.35) E 925 (90) B
9 50 (+20) 56.35 (0.89) A 7.77 (0.98) E 958 (107) B
*5% MPP used as a coupling agents in this set o f experiments 
**Numbers inside parenthesis are standard deviation
A - I — Means with same letter are not significantly different at 95% prevability level
Table 4.16 Effects o f MPP on Tensile Properties o f Sequential PPAVF Composites
No.
MPP*
(%)
Tensile Strength 
(MPa)
Elongation
(%)
Young’s Modulus 
(MPa)
PP 38.09 (0.31)**D 51.12 (6.77) A 529 (73) B
1 0 36.48 (0.06) E 14.01 (1.48) B 648 (48) A
2 1 44.90 (0.41) C 14.80 (0.88) B 656 (61) A
3 3 45.89 (0.35) B 15.45 (0.56) B 628 (19) A
4 5 44.86 (0.34) C 14.25 (1.75) B 632 (21) A
5 7 45.95 (0.38) B 15.54 (0.66) B 648 (16) A
6 9 46.76 (0.16) A 14.78 (0.60) B 656 (11) A
**Numbers inside parenthesis are standard deviation
A - E — Means with same letter are not significantly different at 95% prevability level
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and Plueddmann (Plueddemann, 1982), high mechanical strength comes from the 
effective transfer of stress from polymer matrix to fibers across the interface via a 
strong interfacial bond and may be due to a combination of chemical bonding and 
surface wettability. In practice, the dried WF still contain a small amount of 
physically adsorbed water on their surface which makes total wetting by PP 
impossible if no coupling agents are present (Plueddemann, 1982). However, a very 
small amount of MPP (1 wt%) at the interface is sufficient to provide marked 
improvements in composite properties. Statistical results show that further increasing 
the amount of MPP (2-9 wt%) has little effect on the tensile strength. The amount of 
MPP has no significant effect on strain at break and Young’s modulus.
Table 4.17 Effects of Screw Speed on Tensile Properties o f Sequential PPAVF 
Composites
No. Screw Speed* 
(rpm)
Tensile Strength 
(MPa)
Elongation
(%)
Young’s Modulus 
(MPa)
1 50 49.79 (0.24) A 11.73 (0.51) B 746 (26) B
2 100 47.40 (0.75) B 10.18 (0.92) C 867 (84) A
3 150 46.34 (0.45) C 14.04 (0.95) A 753 (33) B
4 200 46.08 (0.30) C 9.74 (0.88) C 882 (78) A
5 300 43.79 (0.15) D 12.21 (0.70) B 806 (99) BA
*30% WF and 5% MPP used in this set of experiments 
**Numbers inside parenthesis are standard deviation
A - D -- Means with same letter are not significantly different at 95% prevability level
Figure 4.38 and Table 4.17 illustrate the effect of screw speed on the tensile 
properties at 30 wt% fiber loading level and 5 wt% MPP. Results shows that the
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tensile strength o f the composite decreases with increasing screw speed from 49.79 
MPa for 50 rpm to 43.79 MPa for 300 rpm. This is probably due to the mechanical 
degradation of WF during compounding since a higher screw speed generates high 
shear force field, which may break down the fiber size at the operating temperature. 
However, no specific correlations are found either between elongation and screw 
speed or between Young’s modulus and screw speed. Both the strain at break and 
Young’s modulus show larger variation than tensile strength at each screw speed.
In-line maleation and compounding o f WF with PP is conducted in the same 
extruder at 100 rpm and 200 C. Figure 4.39 and Table 4.18 show the effect o f MAH 
concentration on the tensile properties of in-line composites at 20 wt% fiber 
concentration in the presence of 0.5 wt% DCP. The maximum tensile strength (40.91 
MPa) occurs at 2 wt% MAH concentration. When the MAH concentration exceeds 
2 wt%, the tensile strength decreases with increasing concentration o f MAH. Both the 
strain at break and Young’s modulus are not sensitive to the MAH concentration. 
Comparing this group of data with that of PP/MPP/WF composites with 20 wt% +20 
mesh size WF (Tensile strength: 44.86 MPa, Strain at break: 14.25%, Young’s 
modulus: 632; see Table 4.15), it is clear that simultaneous composites have much 
lower tensile strength. But Young’s modulus and elongation at break remain 
unaffected. This is probably due to the degradation of both PP base (Table 4.5) and 
WF during the simultaneous maleation and compounding.
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Table 4.18 Effects o f MAH on Tensile Properties o f Simultaneous PPAVF
Composites
No. MAH*
(%)
Tensile Strength 
(MPa)
Elongation
(%)
Young’s Modulus 
(MPa)
PP 38.09 (0.31) D 51.12 (6.77) A 529 (75) C
1 1 40.42 (0.63) B 13.41 (2.45) B 676 (75) A
2 2 40.91 (0.12) A 12.04 (1.05) B 669 (39) A
3 3 39.66 (0.31) C 12.26 (0.92) B 610 (70) BA
4 4 38.71 (0.26) D 13.85 (1.67) B 596 (42) BA
*20% WF and 0.5% DCP used in this set o f experiments 
**Numbers inside parenthesis are standard deviation
A - D — Means with same letter are not significantly different at 95% prevability level
Table 4.19 Effects of DCP on the Tensile Properties o f Simultaneous Composites
No. WF
(%)
MPP
(%)
DCP
(%)
MAH
(%)
Tensile Strength 
(MPa)
Elongation
(%)
Young’s Modulus 
(MPa)
1 0 0 0 0 38.09 (0.31) D 51.12 (6.77) A 529 (75) C
2 20 0 0 0 36.48 (0.06) E 14.01 (1.48) CB 648 (48) BA
3 20 3 0 0 45.89 (0.35) A 15.45 (0.56) CB 628 (19) B
4 20 0 0.001 4 34.24 (0.97) F 16.58 (4.76) B 544 (75) C
5 20 0 0.01 4 34.57 (0.44) F 16.85 (3.62) B 531 (51) C
6 20 0 0.1 4 36.37 (0.23) E 15.09 (1.27) CB 620 (43) B
7 20 0 0.3 4 38.44 (0.65) DC 10.63 (0.97) C 709 (57) A
8 20 0 0.5 4 38.71 (026) C 13.85 (1.67) CB 596 (42) CB
9 20 0 1.0 4 40.36 (0.27) B 14.27 (3.27) CB 648 (74) BA
* Number inside the parenthesis is standard deviation.
A - F — Means with same letter are not significantly different at 95% prevability level
Figure 4.40 and Table 4.19 illustrate the effect o f initiator concentration at 20 
wt% fiber loading level and 4 wt% MAH. It seems that the tensile strength increases 
with increasing initiator concentration. At very low initiator concentration the tensile
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strength is even lower than that of the mechanically blended composite. That means 
that MAH alone is not a good coupling agent and excess MAH worsens the tensile 
properties o f composites. This detrimental effect o f excess MAH on the ultimate 
properties of the composites was also found by Maldas and Kokta (1991) when they 
processed the PSAVF composites. When the initiator concentration increases, the free 
radical maleation reaction occurs more efficiently. This reaction results in grafting 
individual SAH groups onto the PP backbone accompanied by degradation of the PP. 
At the same time the pendent SAH groups react with cellulosic hydroxyl groups in 
WF via the addition esterification of the WF with the anhydrides. The presence of the 
interfacial bonding between the PP and WF greatly improves the tensile properties of 
the composites. The elongation is insensitive to the DCP concentration. Young’s 
modulus shows an inconsistent variation with the DCP concentration. Figure 4.41 
demonstrates the effect of fiber loading level on the tensile properties o f in-line 
composites at 0.1% DCP and 1% MAH. The tensile strength and Young’s modulus 
increase with increasing fiber concentration while strain at break decreases with 
increasing fiber concentration. Compared with Figure 4.34-4.36, the tensile properties 
of in-line composites are not as good as those of PP/MPP/WF composites. There are 
several possible reasons. One is that in-line maleation o f PP causes degradation of PP 
which has a deleterious effect on the tensile properties o f the composites. Another is 
that the unreacted MAH remaining in the composites worsens the tensile properties. 
The third possibility is degradation of WF during processing. During compounding 
and in-line maleation in an extruder the combination of thermal degradation, chemical
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degradation, and mechanical degradation of cellulosic fibers often deteriorates the 
mechanical properties o f cellulosic fibers. Thermal degradation results in 
decomposition o f  the glycosyl units of cellulose with evolution o f water, carbon 
dioxide and carbon monoxide, when cellulosic fibers are exposed to the air and 
moisture (Nevell and Zeronian, 1985). That is why water must be removed before 
compounding. Thermal degradation is also accelerated by these reaction products and 
is autocatalyzed by the presence of carboxylic acids. The presence of MAH and small 
amounts of water induced chemical degradation since the glycosidic linkage in 
cellulose is susceptible to acid-catalyzed hydrolysis. What is more, the presence of 
initiator further accelerates thermal and chemical degradation.
4.3.2 Interfacial Properties of PPAVF Composites
ESEM was used to investigate the tensile fracture surfaces o f composite 
samples with and without MPP as a coupling agent. Figure 4.42 shows the ESEM 
micrographs of WF. The irregularly shaped, rough and twisted WF, once 
compounded into the PP matrix, has higher resistance to being pulled out during the 
tensile test than other smooth surface fibers. The fracture mechanisms o f fibers in 
general are normally fiber debonding and fiber pullout or fiber breakage (Denault et 
al„ 1992).
The fracture nature of the discontinuous WF reinforced PPAVF composite may 
result from three basic types of failure; i.e. the fibers, the matrix, and the interface. 
Several factors which determine the occurrence of these failure mechanisms are fiber 
tensile strength, fiber geometry, fiber orientation, matrix ductility, and interfacial
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Figure 4.42 ESEM  Micrographs o f  (a) -20 Mesh Size WF and (b) +20 M esh Size WF
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adhesion (Joseph et al., 1993; Felix and Gatenholm, 1991; Geethamma et al., 1995). 
Figures 4.43-4.45 show ESEM micrographs of the fracture surfaces o f PPAVF 
composites, without and with coupling agents. It is seen in Figure 4.43 that 
composites without a MPP coupling agent have a number o f clean holes produced as 
a result of the fiber pullout from the PP matrix. The fiber ends pulled from the 
polymer show no breakage of the fibers. The clean fiber surfaces suggest that no 
polymer is coated onto the fiber surface. Apparently the adhesion between WF and 
PP is very poor. The high magnification micrograph in Figure 4.43 (b) shows the 
phase separation between WF and PP. This is due to the incompatibility between 
hydrophilic WF and hydrophobic PP matrix. The surface energy difference between 
WF and PP and a small amount o f moisture absorbed on the WF surface result in the 
poor wetting o f WF. In addition, the fiber ends may induce void formation at their 
ends by serving as the stress sites (Denault et al., 1992). Lack of interfacial adhesion 
due to the poor wetting results in a number of holes. Therefore the composite 
material acts as if the PP matrix is foamed during the tensile test. That is why the 
mechanically blended PPAVF composite normally has lower tensile strength than neat 
PP.
Figures 4.44-4.45 show photographs o f broken PPAVF composite surfaces with 
MPP as coupling agents. These composites have excellent retention of PP on the 
broken fiber ends. Further examination of micrographs at high magnification shows 
that the entire fiber is covered by layers o f the matrix PP that have been pulled out 
together with the fiber, indicating good wetting of the fiber by the matrix PP. Figure
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Figure 4.43 ESEM Micrographs of Fracture Surfaces (20% WF) without MPP: (a) 
250X (b) 1500X
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/Figure 4.44 ESEM Micrographs of Fracture Surfaces (20% WF) with MPP: (a) 500X 
(b) 500X (c) 1500X
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Figure 4.44 ESEM Micrographs of Fracture Surfaces (20% WF) with MPP: (a) 500X 
(b) 500X (c) 1500X (Continued)
Figure 4.45 ESEM Micrographs of Fracture Surfaces (50% WF) with MPP: (a) 385X 
(b) 1000X (c) 1500X
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Figure 4.45 ESEM Micrographs of Fracture Surfaces (50% WF) with MPP: (a) 385X 
(b) I000X (c) 1500X (Continued)
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4.44 also shows the broken fiber with separation of the fibrils of WF. The cracks on 
the WF ends tell us that the fibers have undergone more breakage rather than pullout. 
This can be explained by the good contact of WF with the PP matrix as is seen in 
Figure 4.45. The improvement of adhesion between WF and the PP matrix results 
from the interfacial modification by MPP coupling agents. Since MPP has a similar 
structure as PP, cohesive coupling between the MPP and the PP matrix occurs by 
permitting segmental crystallization. On the other hand, the pendant SAH groups of 
MPP are capable of reacting with the -OH groups of WF to form chemical bonding 
between MPP and the WF. The improved interfacial coupling serves as a bridge 
between WF and PP. This bridge makes the discontinuous short fibers sufficiently 
long to bear the load and permits effective transfer of the stress field from fiber to the 
polymer matrix.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter S Conclusions and Recommendations
5.1 Conclusions
Reactive modification of PP by maleation inside a twin screw extruder is a 
convenient and effective means of incorporating hydrophilicity, compatibility, and 
reactive functional groups. The maleation brings SAH groups onto the PP backbone 
through the grafting reaction. A control feeding method using both syringe pump and 
vibratory feeder provides uniformity of the grafting reaction. Experiments show that 
the mechanical properties of MPP are somewhat affected by maleation. The SAH% 
grafting level increases significantly with increasing initial MAH and initiator 
concentration up to a certain level. It is found that MPP has lower shear viscosity 
than virgin PP but higher shear viscosity than PP/initiator sample. The shear 
viscosities o f MPP samples increase with initial concentration of MAH and the SAH% 
grafting level. This is due to the fact that the shear viscosities o f MPP normally 
depend on both grafting and degradation reactions, which occur during maleation. 
The presence of MAH suppresses the degradation of PP and favors the grafting 
reaction, thus causing higher viscosities of MPP compared to the PP/initiator sample. 
However, the elongational viscosities of MPP are lower than that of neat PP and 
decrease with increasing SAH% grafting level. The tensile properties of MPP are also 
affected by maleation. The MAH concentration has a significant effect upon the 
tensile strength and elongation at break but no marked influences on Young’s 
modulus.
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Although there are not many differences between the surface properties of MPP 
and those of PP, the surface energies of MPP are significantly increased by contacting 
with highly polar medium. Results show that the surface energy, especially the polar 
surface energy, increases effectively by contacting with water at room temperature 
with a maximum value after six days contact. When MPP contacts with water at 100 
C, the surface energy increases more efficiently and reaches a maximum after only 12 
minutes contact. It is also found that higher surface energy is obtained after 
contacting with water when a sample with a higher SAH% grafting level is used.
Since MPP contains pendant SAH groups which should chemically react with 
the -OH groups o f WF, it is chosen as a coupling agent. The MPP makes better 
wetting o f WF by the PP possible and also helps the better dispersion o f WF into the 
PP matrix. The MPP interface inside the PPAVF composites enhances the filler- 
polymer adhesion and effectively transfers the stress from polymer matrix to fibers, 
therefore improving the mechanical properties, particularly the tensile strength of the 
composites. However, the mechanical performance of composites also depends on the 
matrix polymer and reinforcements such as the strength and modulus o f matrix and 
fibers, fiber fraction and fiber size. Results show that only a small amount o f MPP 
(1%) can significantly improve tensile properties of PP/MPPAVF composites while the 
mechanically blended composites have poor tensile properties even compared with 
neat PP. The tensile strength and Young’s modulus of the PP/MPPAVF composites 
increase linearly with fiber loading up to 50 wt% while elongation decreases with 
increasing fiber loading. As the screw speed increases, poorer tensile strengths are
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obtained probably due to the fiber size breakdown at a higher shear level. It is also 
found that the tensile properties improve with longer fibers. Rheological studies 
indicate that the shear viscosities significantly increase with the fiber loading and the 
composites exhibit more shear-thinning behavior with higher fiber loading. The 
composites with shorter fibers display higher shear viscosities than composites with 
longer fibers. The elongational viscosities also increase with fiber loading. The 
composites with shorter fibers have higher elongational viscosities at lower strain 
rates, especially at higher fiber loadings. However, the effect of fiber size on the 
elongational viscosities becomes smaller at higher strain rates.
The in-line maleation and compounding of PP with WF is another way to 
enhance adhesion-jbetween PP and WF. The tensile strengths of these simultaneous 
composites increase with fiber loading and are higher than those of both neat PP and 
mechanical blended PPAVF composites without coupling agents. However the tensile 
strengths are generally lower than those of the PP/MPPAVF composites because of the 
degradation of both PP and WF during the in-line maleation and compounding. The 
effects of MAH and initiators on the tensile strength were significant. The viscosities 
o f these simultaneous composites follow the same trends as in those sequential 
PP/MPP/WF composites. The only difference is that the viscosities o f simultaneous 
composites show an initial decrease due to the maleation effects and then increase 
with the fiber loadings while the sequential composites have no initial decrease in 
shear viscosities. The simultaneous composites also indicate increased shear thinning 
behavior with higher WF loading level.
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5.2 Recommendations for Future Work
(1) Spinnability of MPP fibers could be inferred by measuring both the shear 
viscosity and elongational viscosity on the Bohlin VOR rheometer and ACER 
capillary rheometer and mechanical properties using an Instron tester.
(2) The fiber spinning should be performed once the spinning equipment is ready. 
Different draw down ratios should be tried in order to find the best conditions for the 
fiber spinning. The MPP fibers should go through a chamber with hot water or steam 
to ensure the orientation of SAH onto the MPP fiber surfaces. The surface energy of 
MPP fibers can be calculated from contact angle measurements.
(3) The MPP fiber coating with viscose rayon will be performed to study the 
coatibility o f MPP fibers.
(4) One of the problems encountered in constructing viscosity master curves of 
PPAVF composite melts is the difficulty in explaining the physical meaning of the 
parameters from the regression equations. Systematical rheological study o f PPAVF 
composite melts such as relaxation behavior will shed light on the meaning of these 
parameters.
(5) Due to the chain scission of PP during maleation, the highly maleated PP may 
have a large molecular weight reduction and lose its melt spinnability. A MPP/PP 
skin/core coextrusion will be conducted using the lubricated elongational flow 
technique. The treatment and characterization of MPP/PP fibers will be the same as 
those o f MPP fibers.
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